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A bacteriochlorophyll b dimer [Mg(Bchl)]2,2 the "special pair", 
represents the reaction center of bacterial photosynthesis. It is 
embedded in an extended membrane protein complex and, ac
cording to present knowledge, is oxidized by absorption of light 
quanta according eq 1, which causes the primary charge sepa
ration.3 

[Mg(BchI)]2 3 = i [Mg(Bchl)] 2
+ ( D 

In the special pair, two tetrapyrrole ligands interact via a 7r-x 
overlap between two pyrrole rings, one of each macrocycle,4 at 
a distance of about 300 pm.3 

Recently, we prepared the sandwichlike metal octaethyl-
porphyrinates M(OEP) 2 ( la-p; see Table I)5"10 including yttrium, 
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• = M (metal); O = N (nitrogen) 
[M(OEP)2]": 1, n = 0; 2, n = 1+; 3, n = 1-; 4, n = 2-. For 

specification of metals, see Table I. 

lanthanum, and all metals of the lanthanoid series except 
promethium, following our previous work on the similar tetra-p-
tolylporphyrin double-deckers M(TTP) 2 (M = Ce, Pr, Nd).1 1 '1 2 

Suslick and co-workers recently obtained the actinide derivatives 
Th(TPP) 2 and U(TPP) 2 . 1 3 

The idea has been expressed that these double-deckers show 
analogies to the special pair in regard to structure and electron 
configuration.8'12-14 The structural analogy lies in the face-to-face 
arrangement of two tetrapyrrole macrocycles. This causes the 
electronic analogy seen in the following observations: (1) The 
abstraction of an electron from the porphyrin 7r-orbitals is easier 
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cation, (b) Kihn-Botulinski, M. Doctoral Dissertation, Technische Hochschule 
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Abstract: On the basis of prior work describing the synthesis and structure of sandwichlike metal bis(porphyrinates) M(OEP)2 

(1; M = Y, La, ..., Lu, except Pm), the electron-transfer reactions of these double-deckers are presented. Apart from the 
CeIV complex Ce(OEP)2 (Ic), all the other species contain M"1 ions that are not affected in the redox reactions. The neutral 
M111 complexes 1 are porphyrin ir-radicals yielding the porphyrin 7r-diradical cations [M(OEP)2]"

1" (2) upon reversible one-electron 
oxidation and the monoanions [M(OEP)2]" (3) or the porphyrin ir-radical dianions [M(OEP)2]2" (4) upon reversible one- or 
two-electron reduction. Ce(OEP)2 (Ic) is reversibly oxidized to the porphyrin ir-radical cation [Ce(OEP)2]"

1" (2c). The 
quasi-reversible reduction of Ic gives the anion [Ce(OEP)2]" (3c) with Ce"1. For the neutral M n l complexes 1, the energies 
of the near-infrared absorption bands and the redox potentials for the processes 1 ;= 2 are correlated with the ionic radii rx 

of the tervalent central ions M"1. A decrease of the ring oxidation potentials parallels a decrease of the ionic radii and, hence, 
the ring-ring distances in the double-deckers. 
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Table I. UV/Vis and Near-IR Band Maxima (nm) of the Complexes M(OEP)2 (la-p) (in Cyclohexane, log e in Parentheses)5~7'9l0b 

la 
lb 
Ic 
Id 
Ie 
If 
Ig 
Ih 
Ii 
Ij 
Ik 
11 
Im 
In 
IP 

M 

Y 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 

near-IR band 

1175 (3.83) 
1480 (2.75) 

1400 (3.50) 
1360 (3.28) 
1300 (3.20) 
1280(3.89) 
1250 (3.74) 
1237 (3.49) 
1205 (3.64) 
1182 (3.65) 
1175 (3.68) 
1152 (3.24) 
1144 (3.83) 
1135 (3.85) 

674 (3.38) 

661 (3.16) 
670 (3.21) 
668 (3.08) 
674 (3.21) 
676 (3.36) 
674 (3.26) 
680 (3.30) 
679 (3.27) 
684 (3.24) 
679 (3.24) 
672 (3.31) 
672 (3.21) 
674 (3.36) 

576 (3.70) 
573 (4.24) 
576 (3.64) 
577 (3.48) 
578 (3.78) 

580 (3.70) 
582 (3.77) 
582 (3.83) 
582 (3.67) 
584 (3.78) 

UV/vis bands 

538 (3.88) 
540 (3.85) 
530 (3.77) 
540 (3.80) 
542 (3.97) 
544 (3.86) 
543 (3.87) 
542 (3.71) 
544 (3.81) 
546 (3.84) 
546 (3.91) 
544 (3.79) 
546 (3.76) 
530 (3.76) 
534 (3.77) 

494 (3.75) 
467 (3.92) 
490 (3.72) 
488 (3.53) 
489 (3.79) 

492 (3.80) 
494 (3.82) 
494 (3.89) 
494 (3.78) 
494 (3.77) 
498 (3.75) 
490 (3.76) 

374 (5.10) 
394 (5.15) 
378 (5.08) 
391 (5.18) 
390(4.81) 
390 (5.11) 
376 (5.04) 
380 (4.88) 
378 (5.00) 
386 (5.09) 
376 (5.10) 
374 (5.05) 
388 (5.08) 
370 (4.98) 
370 (5.02) 

than that with the corresponding mono(tetrapyrrole). (2) Contrary 
to the mono(tetrapyrroles), the bis(tetrapyrroles) do not fluoresce 
and thus preserve the light energy transduced to them. (3) The 
oxidized bis(tetrapyrrole) shows a strong near-infrared absorption 
band at about 1300 nm. 

The square-antiprismatic geometry shown in 1 is established 
by the X-ray structure of Ce(OEP) 2

5 and Eu(OEP) 2 . 6 The 
ring-ring distances are found to be 340 and 342 pm, respectively. 
It was found that the larger the ionic radius T1 of the octa-
coordinated central ions in 1 is [V1(Ce^) = 97 pm, T1(Eu1") = 107 
pm15 for coordination number 8], the larger the ring-ring distance 
becomes. In general, it is expected that the ring-ring distance 
in all the other M(OEP) 2 compounds will parallel the ionic radii 
of the metal ion. 

Oxidation of diamagnetic Ce(OEP) 2 ( Ic ; eq 2) is remarkably 
easy compared to that of the corresponding magnesium mono-
porphyrin and yields radical cations.16 '17 The salt [Ce-

C e ( O E P ) 2 : 
Ic 

[Ce(OEP)2J
+ 

2c 
(2) 

(OEP) 2 ]SbCl 6 can be isolated, and it displays a characteristic 
near-infrared (near-IR) absorption at 1270 nm,8 which occurs 
similarly at 1300 nm in the oxidized special pair.18 Because the 
central metal is trivalent in all of the other neutral double-deckers 
la,b,d-p, one of the porphyrin rings occurs as an electron-deficient 
radical as previously communicated for l a 9 and Ig.6,7 These 
neutral M ( O E P ) 2 complexes exhibit the characteristic near-IR 
absorption band, the energy of which decreases with increasing 
Z-I of the central metal ("optical detection of the lanthanoid ion 
contraction" u ) . This band has been tentatively assigned to an 
internal charge-transfer transition (CTI).1 2 Such bands have also 
been found in the corresponding M(Pc) 2 sandwich systems.19 

In this paper we report the redox behavior of the metal bis-
(octaethylporphyrinates) [M(OEP)2 ; l a -p ] , the correlation of the 
redox potentials with the ring-ring distance, and the near-IR 
absorption energies in these systems. 

Experimental Section 
(a) Materials. The supporting electrolyte, tetrabutylammonium 

hexafluorophosphate (NBu4PF6), was obtained from tetrabutyl
ammonium bromide (Fluka, puriss.) and ammonium hexafluoro
phosphate (Merck, LAB), recrystallized from an ethanol/water mixture, 

(15) Shannon, R. D.; Prewitt, C. T. Acta Crystallogr., Sect. B: Struct. 
Crystallogr. Cryst. Chem. 1969, B25, 928-929. 

(16) Note added on proof: The resonance Raman and ESR spectra of 
[Ce(TPP)2J

+ and [Ce(OEP)2J
+ have been measured. Donohue, R. J.; Du-

chowski, J. K.; Bocian, D. F., personal communication. 
(17) Note added on proof: Th(TPP)2 and U(TPP)2 can also be oxidized 

to radical cations and dications displaying similar near-IR spectra. The X-ray 
structures of'Th(TPP)2 and [Th(TPP)2]SbCl6 have been established. Giro-
lami, G. S.; Milam, S. N.; Suslick, K. N. J. Am. Chem. Soc. 1988, 110, 
2011-2012. 

(18) Davis, M. S.; Forman, A.; Hanson, L. K.; Thornber, J. P.; Fajer, J. 
/ . Phys. Chem. 1979, 83, 3325-3332. 

(19) Markovitsi, D.; Tran-Thi, T.-H.; Even, R.; Simon, J. Chem. Phys. 
Lett. 1987, 137, 107-112. 

dried in vacuo for 24 h at 80 0C, and stored in an evacuated desiccator. 
Reagent-grade LiClO4 and DMF were purchased from Merck. DMF 
was first treated with molecular sieves (4 A) and then freshly distilled 
from CuSO4 under Ar at room temperature. 

(b) Synthesis of Octaethylporphyrin Double-Deckers. The preparation 
of the bis(2,3,7,8,12,13,17,18-octaethylporphyrinato)metal complexes 
[M(OEP)2 (la-p)] was accomplished in two manners. The derivatives 
of the "early" Ln ions (La-Gd, lb-h) were obtained directly from octa
ethylporphyrin and the corresponding lanthanoid(III) acetylacetonate in 
boiling 1,2,4-trichlorobenzene,10 as already published for Ce,5,7 Pr,7 and 
Eu.6,7 The double-deckers containing the smaller "later" Ln ions and Y 
cannot be made directly. They were synthesized by a "raise-by-one story" 
reaction10 starting from the corresponding monoporphyrin M(OEP)-
(acac), which is treated with dilithium octaethylporphyrinate [Li2(OEP)] 
in refluxing trichlorobenzene. This procedure was used for the prepa
ration of Y(OEP)2 (la).9 All compounds gave correct elemental analyses 
and mass spectra. They were further characterized by UV/vis, near-IR, 
IR, and 'H NMR spectra as well as magnetic measurements.5"7'9'10 In 
the IR spectra of all the Ln m double-deckers 1, characteristic bands at 
about 1550 cm"1 appear, which are typical for metalloporphyrins with 
electron-deficient porphyrin ligands20 and are absent in Ic. ESR spectra 
have been obtained for la,9 lb,8b 2c,8b'14 Ig,6 and Ip.21 

The UV/vis and near-IR data (obtained with Hewlett-Packard HP 
845IA diode array and Zeiss DMR 21 spectrophotometers, respectively) 
of la-p are compiled in Table I. In the case of the M1" derivatives, the 
bands between 573 and 584 nm appearing in lb, ld-f, and li-n are due 
to the corresponding metal hydrogen bis(octaethylporphyrinates) MH-
(OEP)2, which are slowly formed in solution by reduction of M(OEP)2 

with traces of reducing impurities. The presence of these impurities did 
not effect the electrochemical experiments in DMF because MH(OEP)2 

during the preparation of the electrochemical cell for the measurement 
is electrolytically oxidized to M(OEP)2 at the potential E = 0 V, which 
is already applied during the set-up procedure. 

Praseodymium hydrogen bis(2,3,7,8,l 2,13,17,18-octaethyl-
porphyrinate) [PrH(OEP)2]8b was prepared by quantitative reduction of 
Pr(OEP)2

7 with hydrazine hydrate in dichloromethane (3 h of stirring 
at 20 0C). Like its analogue PrH(TTP)2," PrH(OEP)2 does not show 
any near-IR absorption. UV/vis (cyclohexane) [\max (log e)]: 392 nm 
(5.14), 492 (3.88), 542 (3.96), 576 (3.87). 

(c) Electrochemical Measurements. Cyclic voltammetry experiments 
were carried out with Princeton Applied Research equipment (PAR 173, 
PAR 276, and PAR software). To eliminate traces of water, the solvent 
was treated with Al2O3 in the electrochemical cell. All solutions were 
deoxygenated by passing a stream of prepurified Ar into the solution for 
at least 10 min prior to recording of the voltammogram. To maintain 
an Oj-free environment, the solution was blanketed with Ar during all 
experiments. All potentials reported herein were measured at 25 0C and 
referenced to the SCE with 9,10-diphenylanthracene (DPA) as an in
ternal standard (£°[DPA/DPA+] = -1.83 V). Thus, on repeated ex
periments, the accuracy was ±0.005 V. Reversibility of redox processes 
was deduced from constant peak potential differences of 60 mV and from 
the fact that the equation i'p = Cvi/2c0 was obeyed for different scan rates 
v and sample concentrations C0 (ip, peak current; C = 0.4463nFA-
(nFD/RT)'/2 where n is the number of electrons exchanged, A, the 
electroactive surface of the working electrode, and D, the diffusion 
coefficient).22 

(20) Shimomura, E. T.; Philipi, M. A.; Goff, H. M.; Scholz, W. F.; Reed, 
C. A. J. Am. Chem. Soc. 1981, 103, 6778-6780. 

(21) Petit, P.; Turek, P.; Andre, J. J.; Simon, J„ personal communication. 
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Figure 1. Cyclic voltammogram of Er(OEP)2 (11) in TBAH/DMF; 
concentration 1,6 X 10"4 mol/L, voltage scan rate 0.1 V/s. 

A Beckman Pt-button electrode was used as the working electrode, the 
electroactive surface A of which was determined by cyclic voltammetry22 

[A = 2.24if/nFc0[(nF/RT)vD]1'2] and checked by chronoamperometry23 

[A = X1W1ZnFc0DV2] of the [Fe(CN)6]4"/3" pair (K4[Fe(CN)6] in 0.1 
M aqueous KCl) for which D is known.24 Thus, in turn, with known A, 
D was determined for all 1 except Ic from the peak currents of the 
reversible reduction waves E2 and checked for Id by chronoamperometry. 
A value of D = (2.4 ± 0.2) X 1(T6 cm2 s"1 was found for all 1 except Ic 
for which the first reduction process is quasi-reversible. However, be
cause all molecules 1 have practically identical shapes, Z) = 2.4 x XQr6 

cm2 s"1 is safely assumed for Ic as well. 
(d) Electron-Transfer Rate for the Reduction OfCe(OEP)2 (Ic). The 

quasi-reversible nature25 of the reduction of Ic was demonstrated by 
studying the dependence of the difference A£p on c0 and v, which were 
varied in the ranges of (0.40-4.20) X 10"4 mol/L and 2-200 mV/s, 
respectively. A£p increased monotonously with v but remained essentially 
independent of C0 in this variation. When the procedure of Nicholson26 

was used, the electron-transfer rate kt was determined8b with the as
sumption that D is equal for Ic and its reduction product 3c and that the 
transfer coefficient a equals 0.5. Thus, from three measurements, a value 
of k, = (2.2 ± 1.0) x 10~3 cm s"1 was obtained. This value was checked 
with a new computer-assisted fitting procedure developed by Speiser,25,27 

which allows the simultaneous extraction of a and k, from the cyclic 
voltammetry data using A£p, Ef - E0, and the normalized current 
function Trxl2x(nFvt/RT).22 For this procedure, the range of measured 
voltage scan rates was extended to 8 V s"1. The values for individual 
measurements obtained by this method matched the ones obtained ac
cording to Nicholson and Shain within ±2%. Thus, the assumption a 
= 0.5 was justified. 

(e) Spectroelectrochemistry of PrH(OEP)2 (lb). A total of 25 mg 
(0.021 mmol) lb was electrolyzed in 75 mL of a 0.1 M LiC104/DMF 
solution at +0.30 V with simultaneous sonification of the electrolysis cell. 
The working electrode was a cylindrical Pt net (r = 17.5 mm, h = 50 
mm). Within 45 min, the current dropped from 4 to 0.5 mA when 3.6 
C (1.8 faradays/mol) had been transported. At 2.4 and 3.55 C, samples 
were withdrawn from the cell and UV/vis and near-IR spectra taken (see 
Figure 2). 

Results and Discussion 
(a) Cyclic Voltammetry. The redox behavior of the complexes 

1 was determined by cyclic voltammetry. A typical voltammogram 
is shown in Figure 1. Generally, three reversible one-electron 
processes (eq 3, a-c) are found for the M ( O E P ) 2 with tervalent 
central metals. The individual half-wave potentials Ex, E1, and 
E1 are compiled in Table II. 

. Ia)Ci (b)£2 Ic)Ca 
CM(OEP)2] - M(OEP)2 -= " " CM(OEP)2]" 

1 
CM(OEP),:2" (3) 

(b) Identification of the Ions 2-4 . The one-electron oxidation 
product 2c for M = Ce has been identified before as a 7r-radical 

(22) Nicholson, R. S.; Shain, I. S. Anal. Chem. 1964, 36, 706-723. 
(23) Speiser, B. Chem. in Unserer Zeit 1981, 15, 21-26. 
(24) Arvia, A. J.; Bazan, J. C; Carozza, J. S. W. Electrochim. Acta 1968, 

13, 81-90. 
(25) Speiser, B. Anal. Chem. 1985, 57, 1390-1397. 
(26) Nicholson, R. S. Anal. Chem. 1965, 37, 1351-1355. 
(27) Speiser, B.; Scharbert, B., submitted for publication in J. Chemom. 

Table II. Redox Potentials of the Complexes M(OEP)2 (la-p) in 0.2 
M NBu4PF6/DMF vs SCE" in Correlation with the Ionic Radii* 1̂ of 
M3+ (£,, E2, and £ 3 Correspond to Equations 3a-c, Respectively) 

la 
lb 
Ic 
Id 
Ie 
If 
Ig 
Ih 
Ii 
Ij 
Ik 
11 
Im 
In 
IP 

M 

Y 
La 
Ce 
Pr 
Nd 
Sm 
Eu 
Gd 
Tb 
Dy 
Ho 
Er 
Tm 
Yb 
Lu 

/-,, pm 

101.5 
118 

91d 

114 
112 
109 
107 
106 
104 
103 
102 
100 
99 
98 
97 

E1, V 

0.14 
C 

0.33 
0.24 
0.225 
0.205 
0.185 
0.18 
0.17 
0.155 
0.15 
0.135 
0.12 
0.115 
0.10 

E1, V 

-0.21 
-0.01 
-0.47s 

-0.08 
-0.095 
-0.13 
-0.15 
-0.165 
-0.18 
-0.20 
-0.215 
-0.225 
-0.235 
-0.25 
-0.265 

£3. V 

C 

-1.935 
-1.935^ 
-1.96 
-1.96 
-1.965 
-1.97 
-1.97 
-1.98 
-1.985 
-1.985 
-1.995 
-1.995 
-1.995 
-2.00 

"The uncertainty in each potential is ±5 mV. 'For coordination 
number 8.15 cNot observed because of beginning decomposition of the 
supporting electrolyte. ''For CeIV; r, = 114 pm15 for Ce"1. 'Quasi-re
versible electron transfer. ^This process involves a Ce1" species. 

\ 670 

300 

920 
x 2/3 

mo 

800 

B 

800 1600 
Mnm] 

Figure 2. UV/vis (A) and near-IR spectrum (B) of electrogenerated 
[Pr(OEP)2]ClO4 (—, taken at 1.8 e/molecule), the intermediate Pr-
(OEP)2 ( - , taken at 1.2 e/molecule), and the educt PrH(OEP)2 (---) 
in DMF (see the Experimental Section). 

cation.8a For all the other trivalent central metals, these species 
are bis(ir-radical) cations. This was exemplified by electrolysis 
of PrH(OEP)2 , the conjugate acid of 3d, which was obtained from 
Pr (OEP) 2 ( Id) by treatment with hydrazine hydrate. About 2 
e/molecule served to produce the spectrum shown in Figure 2. 
This spectrum is very similar to the dimer [Zn(OEP)Br] 2 of the 
porphyrin x-radical Zn(OEP)Br , which is formed on cooling of 
the latter.28 Obviously, the same kind of coupled bis(7r-radical) 
is encountered already at room temperature in 2d. The central 
metal serves as a clamp holding the two ir-radicals together. Thus, 
for M ' " , the species 2 can be regarded with confidence as bis-
(ir-radical) cations. 

The anions 3 are already described for M = Y9 and Eu.6 They 
can be obtained by sodium anthracenide reduction of 1 in T H F 
solution and have been characterized by 1 H N M R spectrosco
py 6,8b,9,iob j ^ g y a r e e a s i iy hydrolyzed to the species MH(OEP) 2 . 
The N M R data and the absence of near-IR absorption confirm 
the absence of any ir-radical character in 3. The Y, La, and Lu 
derivatives 3a, 3b, and 3p, respectively, are diamagnetic. Thus, 
on formation of 3, .reduction at the electron-deficient porphyrin 
ring occurs at all 1 containing M , n ions. 

The reduction of the Ce I V sandwich Ic to 3c, however, is a 
special case. This was not discussed but was already seen in the 
original cyclic voltammogram,83 where the reduction at E2 = -0.47 
V is indeed "quasi-reversible". When the classical procedure of 
Nicholson26 and a new method of Speiser25'27 are used, the elec-

(28) Fuhrhop, J. H.; Wasser, P.; Riesner, D.; Mauzerall, D. J. Am. Chem. 
Soc. 1972, 94, 7996-8001. 
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Figure 3. Redox potentials E (V; in 0.2 M NBu4PF6/DMF vs SCE) and 
wavenumber v (cm"1) of the near-IR absorption maxima of the sandwich 
complexes M(OEP)2 (la-b,d-p) as functions of the ionic radii r{ (pm; 
coordination number 8) of the tervalent central metal M. 

tron-transfer rate constant ks for this process was found to be (2.2 
± 1.0) X 10"3 cm s"1. Therefore, the electron exchange between 
Ic and the electrode is just retarded while the integrity of the redox 
components is retained. This retardation may be due to the fact 
that, contrary to all other 1, the central ion in Ic is reduced from 
CeIV to Ce"1. Because the central ion is hidden in the sandwich 
and the f orbital that has to lodge the incoming electron does not 
reach very far out, this metal redox reaction may be impeded as 
compared with the other ring redox reactions. 

The involvement of the CeIV ion in the reduction was demon
strated in the tetraarylporphyrin series by isolation of the tetra-
kis(p-chlorophenyl)porphyrin derivative NBu4[Ce(TClP)2] elec-
trogenerated from Ce(TClP)2 (E2 = -0.11 V in dichloro-
methane).8b The UV/vis spectrum29 of this salt is very similar 
to the known spectrum of the well-defined Pr"1 derivative 
NBu4[Pr(TTP)2]." If ring reduction had occurred—and this is 
not expected at a potential close to 0 V—it would have produced 
a porphyrin 7r-radical anion. Such anions are known to have strong 
visible absorption at 700 and 900 nm,30 and this is absent in the 
sandwich anions [M(P)]". The presence of Ce1" in 3c is fur
thermore indicated in the following observation: The potential 
E3 for the step 3c ?a 4c nearly fits the correlation with the ionic 
radii shown in Figure 3 (see below). The ionic radii being equal 
for Ce"1 and Pr"1, the corresponding redox potential E1 for Ce1" 
is only slightly above the value for Pr1" (see Table II). 

As the anions 3 all contain M"1 ions, which are difficult to 
reduce, the further reduction of these is thought to yield porphyrin 
ir-radical dianions [M(OEP)2]

2~ (4) with an extra electron in the 
ir-cloud of one of the porphyrin rings. This view is suggested by 
the fact that E3 is very low for all 4, (including 4c with Ce1") and 
that there is only a small but steady variation with the ionic radius 
of the M1" ion (see Figure 3). 

(c) Correlation of Redox Potentials, Ionic Radii, and Ring-Ring 
Distance. Not only the energies of the near-IR absorption bands 
but the redox potentials may be correlated with rx of the tervalent 
central metals (see Figure 3). The potentials E1 and E1 for 
Ce(OEP)2 (Ic) cannot be accommodated with this graph, because 
CeIV complexes are involved, and, as just stated, only E3 fits the 
line for 4c. 

(29) UV/vis [Xmax (log e), CH2Cl2]: 414 nm (5.42), 484 sh, 550 (3.90), 
610(3.60). 

(30) Closs, G. L.; Closs, L. E. J. Am. Chem. Soc. 1963, 85, 818-819. 

There is a rather narrow stability range for the neutral species 
1 (±0.2 V; see Figure 2), which are either easily oxidized to 2 
(eq 3a) or reduced to 3 (eq 3b). Thus, 1 shows typical properties 
of "mixed-valence" compounds.31 However, here, a mixed valence 
at the tetrapyrrole ligands, i.e. an "inverse mixed-valence complex", 
is encountered in which two ligands in different oxidation levels 
are bridged by a common metal ion. The redox potentials E1 and 
E1 are such that 1 is the air-stable species. 

The redox potentials Ex to E3 (see Figure 3) decrease with 
increasing /•[ in the same manner as the energies of the near-IR 
bands. Hence, they are determined by the ring-ring distance as 
well. An inductive effect of the central metal is excluded. On 
one hand, such an effect should be very small because of the small 
electronegativity differences within the lanthanoid series;32 on the 
other hand, it should produce the highest oxidation potentials with 
lutetium, the element with the largest electronegativity. There, 
however, the lowest values are observed. A "mesomeric" effect, 
i.e. the influence of the specific electron configuration of the 
lanthanoid ions, is not important either, because discontinuous 
changes of the data shown in Figure 1 should occur along the series 
of lanthanoid ions as is known with their optical spectra or 
magnetic susceptibilities. The importance of the size of the ions 
is also expressed by the observation that the data for Y(OEP)2,9 

a group HIA metal compound, nicely fit the correlation with the 
radii. Thus, the lanthanoid ion contraction can be detected not 
only optically but also electrochemically via the redox potentials 
("electrochemical detection"). 

A comparison of the slopes of the lines shown in Figure 3 is 
quite instructive. The redox potentials E2 of the M1" complexes 
according to eq 3b, which formally correspond to the processes 
of eq 1 and 2 and produce the near-IR absorption upon oxidation, 
display with about -92 cirf'/pm33 a large absolute value of the 
slope. This value is comparable to the value for the near-IR bands 
(-99 cirr ' /pm). The energy level of this near-IR absorption 
therefore has some correspondence with the level of this redox 
potential. 

Furthermore, the difference of the redox potentials E2 and E3 

formally corresponds to the energy difference of a ligand oxidation 
(3 ^ 1) and a ligand reduction (3 *± 4). As the first oxidation 
step involves the HOMO, and the first reduction step, the LUMO, 
the energy difference of these two redox processes corresponds 
to the molecular band gap, which should be recognizable in the 
optical spectrum.34 This situation has already been discussed 
extensively for redox processes of metalloporphyrins.35 A value 
of 2.25 ± 0.15 V largely independent of the central metal was 
found and correlated with the value of 2.18 eV calculated by 
Gouterman for the HOMO-LUMO difference of a general 
metalloporphyrin.36 In our case, this potential difference is much 
smaller. It increases linearly from 1.745 V (14100 cm"1) in 
Lu(OEP)2, presumably with the smallest ring-ring distance, to 
1.935 V (15 500 cm-1) in La(OEP)2. In the electronic absorption 
spectrum of la-p, a band occurs in the same region (14600-15 200 
cm"1, i.e. 661-684 nm). 

Obviously, the redox properties of the double-deckers 1 are 
determined essentially by the separation of the two tetrapyrrole 
ligands. We feel that this is due to ir-ir interactions between the 
porphyrin ligands, which occur because of the short ring-ring 
distance. Holten et al.37 have investigated the photophysical 
properties of Ce(OEP)2 and found that it was nonfluorescent and 

(31) Voegeli, R. H.; Kang, H. C; Finke, R. G.; Boekelheide, V. J. Am. 
Chem. Soc. 1986, 108, 7010-7016. 

(32) Allred, A. L. J. Inorg. Nucl. Chem. 1961, 17, 215-221. 
(33) When the redox potential is referred to one electron [eV], the values 

can be expressed in wavenumbers [cm-1]. 
(34) Lever, A. B. P.; Licoccia, S.; Magnell, K.; Minor, P. C; Ramaswamy, 

B. S. Adv. Chem. Ser. 1982, No. 201, 237-252. 
(35) (a) Fuhrhop, J.-H.; Kadish, K. M.; Davis, D. G. J. Am. Chem. Soc. 

1973, 95, 5140-5147. (b) Fuhrhop, J.-H. In Porphyrins and Metallo
porphyrins; Smith, K. M., Ed.; Elsevier: Amsterdam The Netherlands, 1975; 
pp 593-623. 

(36) Gouterman, M. J. MoI. Spectrosc. 1961, 6, 138-163. 
(37) (a) Holten, D., personal communication, (b) Yan, X.; Holten, D. J. 

Phys. Chem. 1988, 92, 409-413. 
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that the absorption changes produced by pulse excitation decay 
largely (>90%) by return of molecules to the ground states in less 
than 10 ps. These observations were discussed in terms of neutral 
(ir, T*) exciton states of the two rings, ring-to-ring charge-transfer 
states and ring-to-metal charge-transfer states. As rx of the central 
ion decreases, the ring-to-ring distance becomes smaller and axial 
orbital overlap increases. According to our results, the smallest 
HOMO-LUMO difference and hence the strongest coupling of 
the two 7r-electron systems, indeed, is found with Lu(OEP)2. In 
the course of the theoretical treatment of the electronic config
uration of the special pair, the interaction of two mono(tetra-
pyrroles) is likewise taken into account by using a basis set of 
atomic orbitals for a single "super molecule".4 

Outlook: Where is the Defect Electron in the ^--Radical Dou
ble-Deckers':1 Starting from the intuitive view12 that the neutral 
double-deckers containing trivalent metal ions are electron do
nor-acceptor complexes in which the donor, an (OEP)2" ion, and 
the acceptor, the (OEP")" 7r-radical ion, are held together by a 
"spacer", the Ln3+ ion, the near-IR bands were termed "internal 
charge-transfer" ("CTI") bands.38 This would imply a hole 
confined to one ring. However, so far, no evidence has been found 
in favor of this view. The Eu(OEP)2 molecule as it exists in the 
crystal6 is isostructural and nearly isodimensional with the 
closed-shell Ce(OEP)2 molecule.5 Neither the NMR,69 the EN-
DOR,9 nor resonance Raman spectra16 give any hint to localization 
of the hole. Thus, an axially symmetrical electron distribution 
might be an appropriate description and has been suggested for 
the bis(ir-radical) dimers28 by a simple MO model. Our elec
trochemical findings would support this view by observing 
HOMO-LUMO differences that notably decrease on sandwich 
formation and increase with decreasing ring separation. 

When the sandwich radicals are treated as inverse mixed-va
lence complexes, it is tempting to classify these systems according 
to Hush's theory.39 This model would imply that compounds of 

(38) A reviewer suggested an alternative name for this band: intramo
lecular charge-transfer ("ICT") band by analogy to the ligand to metal 
charge-transfer ("LMCT") band in metal complexes. As we have used the 
name and its abbreviation "CTI" several times already,8"''2,14 we prefer to keep 
it in use. 

class II (optical spectra of constituent ions with minor modifi
cations and additional near-IR bands) are encountered in which 
the energy of the near-IR bands is proportional to the reciprocal 
distance d of the metals or of the two rings in the inverse case 
discussed here; i.e., the energy decreases with decreasing distance. 
However, the energy of the near-IR bands increases with the 
distance d (see Figure 3). Thus, in this respect, the compounds 
1 do not follow Hush's theory. The observed solvent dependence 
of the energy of the near-IR bands of Eu(OEP)2

40 could be in
terpreted in terms of a ground-state dipole moment becoming 
smaller in the excited state. This would point to class II com
pounds with localized holes, but in view of the inconsistency just 
mentioned, this is only a weak argument. 

Nevertheless, the localized hole, hopping with a small thermal 
activation energy (being about ' / 4 of the CTI level), as suggested 
by Andre and co-workers,21 is also an attractive alternative to the 
totally delocalized model. Any final conclusions seem premature 
at present. The exploitation of the properties of unsymmetrical 
sandwich systems such as Ce(OEP)(TPP),36'41 Eu(OEP)(TPP),41 

Ce(OEP)(Pc),42 and Nd2(Pc)2(TAP)43 may shed more light on 
this problem. 
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