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Nonplanar conformations of porphyrins have been sug-
gested as being related to their functions in biological
systems.[1±4] For example, a deformation of the porphyrin
skeleton in heme and photosynthetic proteins is believed to
arise from environmental effects.[3, 5, 6] Synthetic dodecaphen-
ylporphyrins which contain a phenyl ring at each b-pyrrole
and meso position of the porphyrin macrocycle are known to
adopt a nonplanar conformation.[3, 7±9] Nonplanarity of the
porphyrin ring due to steric repulsion between ring substitu-
ents in dodecasubstituted porphyrins affects their optical
properties.[7±11] Manganese is an essential metal in several
biological systems that are involved in electron transfer
reactions,[12] and extensive efforts have therefore been devot-

ed to elucidating electron transfer processes in synthetic
manganese porphyrins.[13±16] However, there have been so far
no reports on how conformational distortions of the porphyr-
in ring affect the rates of homogeneous electron transfer
reactions in manganese or other transition metal porphyrins.

Here we report the homogeneous electron transfer kinetics
for reduction of [(P)MnCl], where P represents the dianion of
tetraphenylporphyrin (tpp) or of the dodecaphenylporphyrins
(dpp-X, X�H20, Cl12H8, F20). The relationship between the
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logarithms of the rate constants of electron transfer and the
free energy change of electron transfer gives an initial
evaluation of reorganization energies l for reduction of
manganese porphyrins with a planar macrocycle, as in
[(tpp)MnCl], and a nonplanar macrocycle, as in [(dpp-
X)MnCl].

Previous studies of the electrochemistry of [(dpp-X)MnCl]
in benzonitrile show that the reduction of MnIII to MnII is
quasireversible[16] and that the potential separation between
the cathodic and anodic peak potentials, DEp�jEpcÿEpa j ,
increases in the order [(tpp)MnCl]< [(dpp-H20)MnCl]<
[(dpp-Cl12H8)MnCl]< [(dpp-F20)MnCl] (Table 1).[17] The
large DEp value (0.52 V) for the reduction of [(dpp-F20)MnCl]
may be related to the dissociation of Clÿ after reduction of
MnIII to MnII. However, the fact that the magnitude of DEp

remains unchanged after addition of an excess of Clÿ (0.1m)
suggests that the large DEp value is due to slow electron
transfer kinetics, as reported for other [(P)MnCl] com-
plexes[15, 18] whose kinetics have been determined by electro-
chemical methods.[15, 18, 19]

The slow electron transfer in the reduction of [(dpp-
X)MnCl] and [(tpp)MnCl] was confirmed in the present study
by measuring the kinetics of the homogeneous electron
transfer reduction with semiquinone radical anions as chem-
ical reductants whose oxidation potentials[20] are low enough
to reduce each MnIII porphyrin to its MnII form. These
reducing agents were prepared by comproportionation of the
p-benzoquinone derivatives with the corresponding hydro-
quinone dianions, which were generated by reactions of
hydroquinones with tetramethylammonium hydroxide.[21] The
kinetics of electron transfer from the semiquinone radical
anion to [(tpp)MnCl] or [(dpp-X)MnCl] were then followed
by monitoring the increase in absorbance of the MnII Soret
band (e.g., at 488 nm for [(dpp-H20)MnCl]).

The electron transfer rate obeys a second-order rate law
when the initial concentrations of [(dpp-X)MnCl] and the
semiquinone radical anion are equal. The observed second-
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order rate constants ket of the electron transfer reactions are
summarized in Table 1, which also lists redox potentials of the
porphyrin and the reducing agent as well as the free energy
change of electron transfer from the semiquinone radical
anion to [(P)MnCl] (DG0

et). It was confirmed that the ket value
for electron transfer from semiquinone radical anion (Q .ÿ) to
[(dpp-F20)MnCl] in the presence of 0.1m tetrabutylammonium
chloride (1.8� 105mÿ1 sÿ1) is essentially the same as the value
in the absence of excess Clÿ (2.0� 105mÿ1 sÿ1). The DG0

et

values were calculated from the one-electron reduction
potentials of [(P)MnCl] (E0

red) and the one-electron oxidation
potentials of the semiquinone radical anions (E0

ox), which are
equivalent to the one-electron reduction potentials of the
corresponding quinones.[20]

Reorganization energies l22 for the self-exchange reaction
of [(P)MnCl]/[(P)MnCl]ÿ are listed in Table 1 and were
determined by using Equation (1), which is readily derived
from the Marcus equation;[22] DG= is the free energy of

l22� 2(2 DG=ÿDG0
et� 2[DG=(DG=ÿDG0

et)]1/2)ÿ l11 (1)

DG=� (2.3 RT/F)lg[Z(kÿ1
et ÿkÿ1

diff)] (2)

activation, and l11 is the reorganization energy for the self-
exchange reaction of XQ/XQ .ÿ . A l11 value of 16.9 kcal molÿ1

for Q/Q .ÿ was determined from the linewidth variation of the
EPR spectrum of semiquinone radical anion (Q .ÿ) in the
presence of various concentrations of p-benzoquinone (Q) in
PhCN at 298 K.[23] The l11 values of other semiquinone radical
anion derivatives were assumed to be the same as that of
Q/Q .ÿ . The DG=values were obtained from the observed rate
constant of electron transfer ket and the diffusion rate constant
kdiff by Equation (2); Z is the collision frequency (taken as
1� 1011mÿ1 sÿ1), F is the Faraday constant, and the kdiff value in
MeCN is 2.0� 1010mÿ1 sÿ1.

The reorganization energies depend significantly on the
type of porphyrin macrocycle, and the l22 values (mean values,
in kcal molÿ1) increase in the order [(tpp)MnCl] (37� 4)<

[(dpp-H20)MnCl] (70� 2)< [(dpp-Cl12H8)MnCl] (83� 3)�
[(dpp-F20)MnCl] (86� 4). Hence, the electron transfer rate
at a given free energy change of electron transfer should
decrease in this order. This is clearly shown in Figure 1, in

Figure 1. Dependence of lgket on DG0
et for the electron transfer reductions

of the [(P)MnCl] derivatives 1 ± 4 by semiquinone radical anions in
deaerated MeCN at 298 K. Curve a: P� tpp (4); curve b: P� dpp-H20 (1);
curve c: P� dpp-Cl12H8 (2), P� dpp-F20 (3). For explanation of abbrevia-
tions, see Table 1. The l values are calculated by using the Marcus theory of
adiabatic outer-sphere electron transfer.

which the lg ket values are plotted against DG0
et for electron

transfer from XQ .ÿ to [(P)MnCl] in MeCN at 298 K. The fit of
the curves to the Marcus theory of adiabatic outer-sphere
electron transfer[22] for the reorganization energies of the
cross-reactions between [(P)MnCl] and XQ .ÿ (l� (l11� l22)/
2) indicates that the rate variations at a given DG0

et value arise
from the difference in the l value and not from the non-
adiabaticity.

The crystal structure of [(dpp-F20)MnCl] reveals a non-
planar conformation of the macrocycle because of peripheral

Table 1. Rate constants ket and free energy changes DG0
et for electron transfer reduction of [(P)MnCl] with semiquinone radical anions XQ .ÿ in

deaerated MeCN at 298 K, their one-electron redox potentials E0
red

[a] and E0
ox

[b] versus SCE, and reorganization energies l22 for the self-exchange reaction of
[(P)MnCl]/[(P)MnCl]ÿ .

[(P)MnCl] E0
red (DEp)[c] XQ .ÿ[d] E0

ox ket
[e] DG0

et l22
[f]

[V] [V] [mÿ1 sÿ1] [eV] [kcal molÿ1]

[(dpp-H20)MnCl] (1) ÿ 0.36 (0.13) 2,6-Me2Q
.ÿ ÿ 0.67 4.7� 105 ÿ 0.31 67

MeQ .ÿ ÿ 0.58 4.1� 104 ÿ 0.22 72
Q .ÿ ÿ 0.50 1.3� 104 ÿ 0.14 71

[(dpp-Cl12H8)MnCl] (2) ÿ 0.15 (0.25) 2,6-Me2Q
.ÿ ÿ 0.67 2.8� 105 ÿ 0.52 86

MeQ .ÿ ÿ 0.58 1.2� 105 ÿ 0.43 84
Q .ÿ ÿ 0.50 8.6� 104 ÿ 0.35 79

[(dpp-F20)MnCl] (3) 0.04 (0.52) 2,6-Me2Q
.ÿ ÿ 0.67 2.3� 106 ÿ 0.71 89

MeQ .ÿ ÿ 0.58 1.3� 106 ÿ 0.62 86
Q .ÿ ÿ 0.50 2.0� 105 ÿ 0.54 89
ClQ .ÿ ÿ 0.34 1.2� 105 ÿ 0.38 79

[(tpp)MnCl] (4) ÿ 0.22 (0.07)[g] Q .ÿ ÿ 0.50 5.4� 107 ÿ 0.28 41
ClQ .ÿ ÿ 0.34 3.4� 107 ÿ 0.12 31
2,5-Cl2Q

.ÿ ÿ 0.18 6.1� 105 0.04 38

[a] Determined in PhCN unless otherwise noted; 0.1m TBAP, scan rate 0.1 Vsÿ1;[14] the experimental error is within �0.005 V. [b] Taken from ref. [18]; the
experimental error is within�0.005 V. [c] The values of peak potential separation expressed in volts are given in parentheses. [d] 2,6-Me2Q� 2,6-dimethyl-p-
benzoquinone, MeQ�methyl-p-benzoquinone, Q� p-benzoquinone, ClQ� chloro-p-benzoquinone, 2,5-Cl2Q� 2,5-dichloro-p-benzoquinone. [e] The
experimental error is within �5%. [f] Obtained from Equation (1). [g] Determined in MeCN, 0.1m TBAP, scan rate 0.1 V sÿ1.[17]
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congestion of the porphyrin.[16] The MnIII center is located
inside the curved surface of the nonplanar porphyrin macro-
cycle. Such a distorted conformation results in appreciably
shorter MnIIIÿN distances (1.99(1) �)[16] than in planar
[(tpp)MnCl] (2.009 �).[24] Such strong binding of MnIII to
the nonplanar porphyrin results in major bond reorganization
on reduction of MnIII to MnII, which is accompanied by out-of-
plane displacement since an electron is added to the dx2ÿy2

orbital, which directly interacts with the orbitals of the pyrrole
nitrogen atoms.[24] Hence, the greater the nonplanarity of the
porphyrin ligand, the stronger the binding of MnIII to the
ligand and the larger the reorganization energy of the electron
transfer reduction, as was experimentally observed in the
present study. The fact that the E0

red value of [(dpp-H20)MnCl]
(ÿ0.36 V) is more negative than that of [(tpp)MnCl]
(ÿ0.22 V), in spite of the electron-withdrawing effect of the
additional phenyl groups in dpp-H20 (Table 1), is also ascribed
to the stronger MnIIIÿN binding of the nonplanar conforma-
tion of the dpp-H20 ligand, as compared with the planar tpp
ligand.

In conclusion, the rate of electron transfer reduction of a
MnIII to a MnII porphyrin is significantly slowed by conforma-
tional distortions of the porphyrin ring.

Experimental Section

Syntheses and characterization of the [(P)MnCl] complexes have been
previously reported.[16] Redox potentials of [(P)MnCl] in PhCN or MeCN
containing 0.1m tetrabutylammonium perchlorate (TBAP) as supporting
electrolyte were determined at room temperature by cyclic voltammetry
under deaerated conditions with a three-electrode system and a BAS 100B
electrochemical analyzer. Kinetic measurements for electron transfer from
XQ .ÿ to [(P)MnCl] were carried out with a Union RA-103 stopped-flow
spectrophotometer under deaerated conditions. The rates of electron
transfer were followed by monitoring the increase in spectral absorbance of
the reduced porphyrin under second-order conditions with equal initial
concentrations of [(P)MnCl] and the XQ .ÿ . Second-order rate constants
were determined by least-squares curve fitting on a Macintosh micro-
computer. The second-order plots of (A1ÿA)ÿ1 versus time (A1 and A are
the final absorbance and the absorbance at the reaction time, respectively)
were linear for three or more half-lives (correlation coefficient 1> 0.999).

Received: October 5, 1998 [Z 12491 IE]
German version: Angew. Chem. 1999, 111, 1017 ± 1019

Keywords: conformation analysis ´ electron transfer ´
kinetics ´ manganese ´ porphyrinoids

[1] W. R. Scheidt, Y. J. Lee, Struct. Bonding (Berlin) 1987, 64, 1.
[2] a) H. C. Chow, R. Serlion, C. E. Strouse, J. Am. Chem. Soc. 1975, 97,

7230; b) R. Serlin, H. C. Chow, C. E. Strouse, J. Am. Chem. Soc. 1975,
97, 7237.

[3] a) S. Gentemann, C. J. Medforth, T. P. Forsyth, D. J. Nurco, K. M.
Smith, J. Fajer, D. Holten, J. Am. Chem. Soc. 1994, 116, 7363; b) K. M.
Barkigia, M. D.Berver, J. Fajer, C. J. Medforth, M. W. Renner, K. M.
Smith, J. Am. Chem. Soc. 1990, 112, 8851.

[4] T. L. Horning, E. Fujita, J. Fajer, J. Am. Chem. Soc. 1986, 108, 323.
[5] R. G. Alden, M. R. Ondrias, J. A. Shelnutt, J. Am. Chem. Soc. 1990,

112, 691.
[6] K. M. Barkigia, L. Chantranupong, K. M. Smith, J. Fajer, J. Am.

Chem. Soc. 1988, 110, 7566.
[7] J. A. Shelnutt, C. J. Medforth, M. D. Berber, K. M. Barkigia, K. M.

Smith, J. Am. Chem. Soc. 1991, 113, 4077.
[8] J. Takeda, T. Ohya, M. Sato, Inorg. Chem. 1992, 31, 2877.

[9] C. J. Medforth, J. D. Hobbs, M. R. Rodriguez, R. J. Abraham, K. M.
Smith, J. A. Shelnutt, Inorg. Chem. 1995, 34, 1333.

[10] J. A. Shelnutt, S. A. Majumder, L. D. Sparks, J. D. Hobbs, C. J.
Medforth, M. O. Senge, K. M. Smith, M. Miura, L. Luo, J. M. E.
Quirke, J. Raman Spectrosc. 1992, 23, 523.

[11] C. J. Medforth, K. M. Smith, Tetrahedron Lett. 1990, 31, 5583.
[12] a) K. M. Faulkner, S. I. Liochev, I. Fridorich, J. Biol. Chem. 1994, 269,

23471; b) P. R. Gardner, D. D. H. Nguyen, C. W. Whire, Arch.
Biochem. Biophys. 1996, 325, 20; c) M. Hoshino, Y. Nagashima, M.
De Leo, P. Ford, Inorg. Chem. 1998, 37, 2464.

[13] B. Meunier, Chem. Rev. 1992, 92, 1411.
[14] a) L. O. Spreer, A. C. Maliyackel, S. Holbrook, J. W. Otvos, M. Calvin,

J. Am. Chem. Soc. 1986, 108, 1949; b) A. C. Maliyackel, J. W. Otvos,
M. Calvin, L. O. Spreer, Inorg. Chem. 1987, 26, 4133; c) M. Schap-
pacher, R. Weiss, Inorg. Chem. 1987, 26, 1189; d) R. S. Czernuszewicz,
Y. O. Su, M. K. Stern, K. A. Macor, D. Kim, J. T. Groves, T. G. Spiro, J.
Am. Chem. Soc. 1988, 110, 4158; e) K. R. Rodgers, H. M. Goff, J. Am.
Chem. Soc. 1988, 110, 7049; f) J. T. Groves, M. K. Stern, J. Am. Chem.
Soc. 1988, 110, 8628; g) R. D. Arasasingham, T. C. Bruice, Inorg.
Chem. 1990, 29, 1422; h) R. J. Balahura, R. A. Kirby, Inorg. Chem.
1994, 33, 1021.

[15] K. M. Kadish, M. Sweetland, J. S. Cheng, Inorg. Chem. 1978, 17, 2795.
[16] R. Guilard, K. K. PerieÂ, J.-M. Barbe, D. J. Nurco, K. M. Smith, E.

Van Caemelbecke, K. M. Kadish, Inorg. Chem. 1998, 37, 973.
[17] The electrochemical measurements on [(tpp)MnCl] were performed

in both MeCN and PhCN. The E0
red value in MeCN (ÿ0.22 V), which is

listed in Table 1, is essentially the same as that in PhCN (ÿ0.23 V).
[18] a) X. H. Mu, F. A. Schultz, Inorg. Chem. 1992, 31, 3351; b) X. H. Mu,

F. A. Schultz, J. Electroanal. Chem. 1993, 353, 349; c) D. Feng, F. A.
Schultz, Inorg. Chem. 1988, 27, 2149; d) X. H. Mu, F. A. Schultz, Inorg.
Chem. 1990, 29, 2877.

[19] K. M. Kadish, D. G. Davis, Ann. N. Y. Acad. Sci. 1973, 206, 495.
[20] S. Fukuzumi, S. Koumitsu, K. Hironaka, T. Tanaka, J. Am. Chem. Soc.

1987, 109, 305.
[21] S. Fukuzumi, T. Yorisue, Bull. Chem. Soc. Jpn. 1992, 65, 715.
[22] a) R. A. Marcus, Annu. Rev. Phys. Chem. 1964, 15, 155; b) R. A.

Marcus, Angew. Chem. 1993, 105, 1161; Angew. Chem. Int. Ed. Engl.
1993, 32, 1111.

[23] EPR linewidth analysis: a) R. Chang, J. Chem. Educ. 1970, 47, 563;
b) K. S. Cheng, N. Hirota in Investigation of Rates and Mechanisms of
Reactions, Vol. VI (Ed.: G. G. Hammes), Wiley, New York, 1974,
p. 565; c) I. Nakanishi, S. Itoh, T. Suenobu, S. Fukuzumi, Chem.
Commun. 1997, 1927.

[24] R. B. VanAtta, C. E. Strouse, L. K. Hanson, J. S. Valentine, J. Am.
Chem. Soc. 1987, 109, 1425.


