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trialkylsiloxy nitroxide radicals have been obtained with nitro-
methane, nitroethane, and a-nitrotoluene.47 Nitrobenzene ab
sorbed too strongly at the excitation wavelength for the rate 
constant for its reaction with Et3Si- radicals to be measured. 
However, our kinetic results with nitromethane show that the 
addition of Et3Si- radicals to nitro groups is rapid. Nitro com
pounds should therefore make very effective spin traps for tri-
alkylsilyl radicals. 

Registry No. Et3Si-, 24669-77-0; H 2 C = C H C = N , 107-13-1; H 2 C = 
C(CH3)C(O)OCH3, 80-62-6; H2C=CHC6H5 , 100-42-5; H2C=CCl2 , 
75-35-4; rra«s-CH3CH=CHC(0)OCH3, 623-43-8; H2C=CH2 , 74-85-
1; cij-ClCH=CHCl, 156-59-2; Cl2C=CCl2, 127-18-4; (rans-ClCH= 

CHCl, 156-60-5; H2C=C(CH2)4CH2 , 1192-37-6; H2C=CH(CH2)3C-

Peroxidases and catalases are hemoprotein enzymes which 
decompose hydrogen peroxide in animals and plants2,3 (catalase 
has recently been invoked4 in photosystem II of green plants and 
may thus be involved in photosynthetic oxygen evolution). Three 
spectrally distinct transients, which lie two oxidation levels above 
the resting enzymes, have been observed on treatment of the 
ferrihemes with peroxide: the two green species typified by 
compounds I of horseradish peroxidase5 (HRP) and bovine liver 
catalase6 (CAT) or chloroperoxidase7 (CPO), and the red com
pound ES of cytochrome c peroxidase8 (CCP). Compounds I have 
been assigned to ferryl porphyrin 7r-cation radicals in which one 
oxidizing equivalent is stored in the form of a tetravalent iron 
stabilized by oxygen [0=Fe I V] and the second equivalent resides 
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in a porphyrin cation.9"16 On the other hand, compound ES is 
described as a ferryl species with the second electron abstracted 
from a nearby protein residue.8'17 On the basis of model studies 
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Abstract: A combination of model studies, theoretical calculations, and "in vivo" experiments has recently shown that ferryl 
porphyrin IT cations provide viable models for the two-electron oxidation intermediates (compounds I) observed in the catalytic 
cycles of peroxidases and catalases. Extended Hiickel calculations predict significant spin delocalization on the axial ligand, 
if an electron is abstracted from the a2u orbital of the ferryl porphyrin. Similar profiles are computed for zinc porphyrins. 
Redox, optical, and ESR data are presented that probe the effect of bound pyridine on zinc cation radicals. The ESR results 
support the trend predicted by the calculations and provide evidence of spin density delocalization on the axial pyridine in 
a2u radicals. Such axial delocalization in vivo may provide a conduit for electron exchange between the oxidized transients 
and neighboring protein residues. A mechanism is therefore proposed for the formation of compound ES of cytochrome c 
peroxidase in which reaction with peroxide leads to a transient ferryl-a2u radical followed by electron transfer from an easily 
oxidized residue via the proximal histidine. Studies of alu zinc radicals indicate that complexation by nitrogenous ligands 
does not alter the ground-state occupancy and offer a reasonable explanation for the recent observation that compound I of 
horseradish peroxidase reconstituted with zinc protoporphyrin exhibits an optical spectrum similar to that of catalase. 

0002-7863/83/1505-3296S01.50/0 © 1983 American Chemical Society 



Models for Compounds I of Peroxidases J. Am. Chem. Soc, Vol. 105, No. 10, 1983 3297 

and theoretical calculations,9,10'16 the spectral difference between 
compounds I of HRP and CAT or CPO has been ascribed to 
electron abstraction from one of two nearly degenerate highest 
occupied it orbitals of the porphyrins, the specific orbital, alu or 
a2u, being determined by the proximal axial ligand of the heme.9'16 

In CAT and CPO which are ligated by tyrosine18 and sulfhydryl19 

groups, respectively, oxidation is postulated9'16 to occur from the 
alu orbital whereas in HRP, with a histidine ligand,20 the electron 
is lost from the a2u orbital.21 Recent 1H, 2H, 14N, and 17O electron 
nuclear double resonance (ENDOR) results reported by Roberts 
et al.15 support the ferryl-a2u electronic profile predicted for 
compound I of HRP by the models and calculations.9,16 

We extend here our previous work9'16 to consider the effects 
of axial ligands on the spin densities of compounds I and test the 
theoretical calculations with ligated radicals of zinc porphyrins. 
Electron spin resonance (ESR) spectra establish that significant 
spin derealization occurs onto the axial ligand in a2u radicals, 
in agreement with the trend predicted by the calculations. Such 
axial delocalization may thus provide additional stabilization for 
porphyrin radical intermediates and also suggests a mechanism 
for coupling the radical to its protein environment. CCP could 
represent an extreme example of such an interaction in which 
compound ES would be preceded by a ferryl porphyrin ir-cation 
followed by hopping of the hole on the cation to a protein residue 
situated near the proximal axial ligand. 

Experimental and Theoretical Methods 
ZnOEP23 was prepared by reaction of zinc acetate with H2OEP 

(Strem) in acetic acid, followed by chromatography on neutral alumina 
with CHjCl2 and recrystallization from benzene. The syntheses of 
ZnTPrP,9 ' ZnTPP enriched with 95% 15N16 or 90% 67Zn,'c ZnTPP-
(D20),

24 ZnTPP-py25, and (FeTPP)2OClO4
26 have been described, as have 

the techniques used for ESR,27 cyclic voltammetry28 and controlled po
tential electrolyses.24 The radicals used in the ESR experiments were 
generated in outgassed solutions by electron transfer90'27 to (FeTPP)2O-
ClO4 (£ , / 2 = 0.84 V vs. SCE in CH2Cl2"1). 

The program and parameters used for the charge iterative extended 
Hiickel (IEH) calculations have been described. 1W'-30 The geometry of 
the Zn coordination was based on the crystal structure of ZnTPP-py.25b 
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Figure 1. Optical absorption spectra, in CH2Cl2, of covalently bound 
ZnTPP-py (---) and its cation radical ZnTPP-py+- [(—) x represents a 
small amount of unoxidized compound]. 

2nd deriv 

Figure 2. Second-derivative ESR spectra, in CH2Cl2, of (a) ZnTPP+-
ClO4- (g = 2.0026) and (b) ZnTPP-py+-C104- {g - 2.0029). The sim
ulation (c) demonstrates that five equivalent nitrogens determine the 
pattern observed in (b). 

For the unpaired spin densities, p, given in Figure 6, the Zn was placed 
0.37 A out of plane, the ring center to pyrrole N distance was 2.025 A, 
and Zn-pyridine N = 2.147 A, with the pyridine eclipsing the pyrrole 
nitrogens. In the a2u cation, decreasing Zn-Nn , by 5% increased the 
unpaired spin densities on Npy and the ring nitrogens by ~ 1 % . 
Lengthening the Zn-Npy bond by 10% resulted in a 15% increase in the 
calculated N w spin with a 6% decrease in the Np 5 ,^ densities. However, 
these effects probably result from a computational artifact: as the pyr-
idine-Zn bond is weakened, a pyridine a orbital is progressively raised 
in energy closer to the porphyrin a2u (*•), facilitating enhanced mixing 
between the two orbitals. Shortening Zn-Ct by 0.2 A with the Zn-py 
and Ct-pyrrole distances kept fixed, increased with Npy spin density by 
25% while the N(pyrrole) values remained the same. The alu calculations 
placed no unpaired spin density on the Zn or the axial pyridine; therefore, 
small changes in Zn geometry had no effect. 

Results and Discussion 
The salient features of a2u cations are the localization of spin 

at the meso carbons and the nitrogens.90'6,8,1016,24 To test the effect 
of a nitrogenous axial ligand on the electronic profile of a2u cations, 
the redox, optical, and ESR parameters of several porphyrins were 
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Table I. Hyperfine Coupling Constants for Zinc Radicals with 
and without Axial Pyridine, in Gauss 

Zn T P r P + ' 

compound radical radical plus pyridine 

ZnTPP+-(14N) 
ZnTPP+ '( lsN) 

67ZnTPPMD20 

ZnTPrP+-

ZnOEP+ 

4 N , a N = 1.42G 
4 N , a i s N = 1.99 G 

4 N, a N = 1.42 G 
1 Zn,fl67Zn = 1.22G 
4 N, a N = 1.68 G 
8 H (CH2), a H = 2.75 G 
not resolved, peak to 

peak line width of the 
first derivative signal, 
AH = 2.56 

5 N , a N = 1.54 Ga 

4 N,a>sN = 2.16 G 
1 N(py)a.4N = 1.54G 
5 N , a N = 1.54G 
1 Zn1 a Z n = 1.95 G 
5 N , c N = 1.83 G 
8 H, a H = 2.82 G 
not resolved, AH = 2.54 

In ZnTPP-py+' and ZnTPP+- plus a 10-fold excess of py. 

Zn TPP + - ( ISN) 

4 1 S N 1 Q N = 1.99 G 

Pyridine added 

4 l 5 N , a ^ = 2.l6 

IO G 

Figure 3. Second-derivative ESR spectra, in CH2Cl2, of (a) ZnTPP+-
(15N) and (c) ZnTPP+-(15N) with pyridine(14N) added. Simulation (b) 
assumes four nitrogens, aisN = 1.99 G; (d) includes four pyrrole nitrogens, 
ai5N = 2.16 G and one pyridine nitrogen ai4N = 1.54 G. 

investigated. Initially, ZnTPP-py,2 5 in which pyridine (py) is 
covalently bound, was chosen to avoid possible secondary reac
tions31 of the radical with the excess pyridine needed32,33 to com
pletely complex ZnTPP in CH2Cl2 . Controlled-potential oxida
tion34 of ZnTPP-py requires 1 (±0.05) electron to yield the cation 
spectrum shown in Figure 1. The reaction is reversible: better 
than 95% of the parent compound is regenerated on reduction. 
The optical spectrum of ZnTPP-py+- is analogous to that reported 
for ZnTPP + - in the presence of large concentrations of py.33 

Whereas complexation of neutral ZnTPP by py causes significant 
shifts in the Soret and visible bands (5-15 n m ) , ! y u ! the effects 
of ligation on the radical are minimal. The red and visible bands 
are comparable, with small changes in relative intensities while 
the Soret band red shifts by 2 nm relative to that of ZnTPP+ - . 
The Soret band is, however, less intense in the ligated radical, e41 j 

(31) In acetonitrile, py attacks ZnTPP+- at the /3 pyrrole position. Shine, 
H. J.; Padilla, A. G.; Wu, S. M. / . Org. Chem. 1979, 44, 4069-4075. 

(32) Nappa, M.; Valentine, J. S. J. Am. Chem. Soc. 1978, 700, 5075-5080. 
(33) Kadish, K. M.; Shine, L. R.; Rhodes, R. K.; Bottomley, L. A. Inorg. 

Chem. 1981,20, 1274-1277. 
(34) Pyridine ligation has little effect on the oxidation potential of ZnTPP. 

The half-wave oxidation potential of ZnTPP-py is 0.72 V to be compared with 
0.76 V for the bare ZnTPP (vs. SCE in CH2Cl2 containing 0.1 M tetra-
propylammonium perchlorate). This value is similar to that reported33 for 
ZnTPP in CH2Cl2 containing 1 M py: E^2 = 0.76 V. Anionic ligands induce 
a more pronounced effect by stabilizing the charge on the radical. For 
example, addition of chloride to ZnTPP causes optical changes parallel to 
those observed with py but the complex is easier to oxidize by almost 0.2 V.9" 

Pyridine added 

8 H , a H = 2.82 

0 G 

Figure 4. Second-derivative ESR spectra in CH2Cl2, of (a) ZnTPrP+-
and (c) ZnTPrP+- with pyridine added. Simulation b includes four 
nitrogens and eight methylene protons; (d) incorporates five nitrogens and 
eight protons. 

67Zn TPP+- {d 2 0 ) 

Figure 5. Second-derivative ESR spectra in CH2Cl2, of (a) 
67ZnTPP+-(D20) and (c) 67ZnTPP+-(D20) with pyridine added (90% 67Zn 
and deuterated phenyl groups. The deuteration minimizes the small 
contributions [aH —0.3 G] of the phenyl protons and yields better resolved 
spectra). Simulation d illustrates the increased spin density at the metal 
and nitrogens, as well as the additional nitrogen from the bound pyridine. 

= 1.35 X 105 M"1 cm"1, than in ZnTPP+ - , e409 = 1.9 X 105 M"1 

cm"1.24 

The presence of the py ligand is readily evident in the ESR 
spectrum of ZnTPP-py+-. Its 11-line spectrum (Figure 2) differs 
distinctly from the 9-line spectrum of ZnTPP+- which arises24 from 
interactions of the unpaired electron with the four equivalent 
nitrogens with aN = 1.42 G. (The large spin density at the meso 
positions is obscured in TPPs because the phenyl groups lie out 
of the porphyrin plane.) The spectrum of ZnTPP-py+- can be 
assigned to Jive equivalent nitrogens with aN = 1.54 G by computer 
simulation35 (Table I). To ensure that the additional nitrogen 

(35) The simulations neglect the small coupling constants of ~0.3 G due 
to the protons of the phenyl groups in ZnTPP+-.24 These are subsumed in the 
line widths used in the simulations. Line width and line shape variations 
introduce an ~ 3 % spread in the coupling constants reported. 
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(IMIDAZOLE)O = Fe(EZ)PROTOPORPHYRlN IX+* 

a2lJ cation 
C H , (a) 

(PYRIDINE)Zn(II)PORPHlNE+* 

a2ucotion a,,, cation 

H 3 C 

H,C 

HO 
C-O 

HO 
^C=O 

AH= 2.56 G 

Pyridine added 

AH = 2.54 G 

Figure 6. Calculated unpaired spin densities, p: (a) 5 = 3/2 ferryl protoporphyrin IX a2u ir-cation radical with an imidazole ligand16 (a model for 
compound I of HRP and the proposed transient in CCP). In a series of ferryl porphine radicals ligated by imidazole, hydrogen-bonded imidazole, 
and imidazolate, p at the nitrogen bonded to the iron increases from 0.055 to 0.061 to 0.091, respectively. The densities at the oxygen increase similarly 
from 0.066 to 0.070 to 0.121. All values shown represent the contributions from the a2u r orbitals. (b) Pyridine-bound zinc porphine a2u cation, (c) 
Pyridine-bound zinc porphine a,u cation. In (b) shorter Ct-Zn and/or longer Zn-py distances increase the spin density at the py nitrogen and therefore 
tend to equalize p at the nitrogens of the pyrroles and the pyridine (see Experimental and Theoretical Methods). In (c), small variations in the 
coordination of the Zn have no effect. 

interaction did not result from overlap of the amide in the linking 
chain25 with the high spin density at the 5-meso position, ZnTPP 
was oxidized in the presence of a 10-fold excess of py. The 
resulting ESR spectrum is identical with that of ZnTPP-py+- and 
clearly establishes that the fifth nitrogen interaction arises from 
the ligand. This assignment can be further verified by examining 
the spectrum of 15N ZnTPP+-. Because of the different nuclear 
spin (/ = ' /2) and gyromagnetic ratio of 15N, the spectrum of 
ZnTPP+-(15N) consists16 of five lines with a»N = 1.99 G (Figure 
3a,b). On addition of py a seven-line spectrum is observed (Figure 
3c,d), which reflects the coupling constant of the py nitrogen, ai4N 

= 1.54 G derived from the ZnTPP-py+- spectrum and the 15N 
constants of the porphyrin which have now increased by 8% (as 
in ZnTPP-py+-) to aisN = 2.16 G. 

A similar effect is observed with ZnTPrP+- in the presence of 
pyridine. In addition, this compound allows the spin density at 
the meso positions to be sampled via the methylene coupling 
constants. As shown in Figure 4, the ESR spectrum of ZnTPrP+-, 
which arises from the four pyrrole nitrogens (aN = 1.68 G) and 
the eight methylene protons (aH = 2.75 G),36 changes, on addition 
of pyridine, to a new spectrum caused by eight protons (aH = 2.82 
G) and five nitrogens (aN = 1.83 G). The meso positions thus 
remain effectively unperturbed while the splittings of the pyrrole 
nitrogens have increased by 9%, and the pyridine nitrogen bears 
a comparable coupling constant, as in ZnTPP-py+-. 

If spin derealization onto the axial ligand occurs, the question 
then arises: What happens to the metal itself? The spectrum 
of 67ZnTPP(D20)+- (90% 67Zn, / = 5/2) is displayed in Figure 5 
along with a simulation which assumes90 four nitrogens, aN = 1.42 
G and one zinc, <?67Zn = 1.22 G. [Allowances have been made for 
the 10% of ZnTPP(D20)

+-.] On addition of py, a broader spectrum 
is observed which can be fitted to five nitrogens, aN = 1.54 G (as 
in ZnTPP-py+-) and a&z„ = 1.95 G (Figure 5). The metal coupling 
constant has thus increased ~60% but is still very small.37 

Although X-ray data indicate38 that oxidation has little effect on 
the displacement of the zinc from the plane of the four nitrogens 

(36) The methylene assignments have been confirmed by selective deu-
terations (unpublished results). The coupling constants are approximately half 
those predicted by calculations or those observed in the meso tetramethyl 
homologue because of restricted rotation of the methylene groups.9''8 

(37) The isotropic hyperfme coupling for an electron localized on 67Zn is 
reported as 446 G. Wertz, J. E.; Bolton, J. R. "Electron Spin Resonance. 
Elementary Theory and Practical Applications"; McGraw-Hill: New York, 
1972. 

(38) Spaulding, L. D.; Eller, P. G.; Bertrand, J. A.; Felton, R. H. / . Am. 
Chem. Soc. 1974, 96, 982-987. 

Figure 7. Comparison of the first-derivative ESR spectra, in CH2Cl2, of 
ZnOEP+- (a) and ZnOEP+- in the presence of pyridine (b). g = 2.0025 
for both compounds. 

in ZnTPP+-ClO4" and that the displacements are comparable2515 

in ZnTPP+- and neutral ZnTPP-py, the increase in spin density 
at the zinc could conceivably result from a small variation in the 
geometry of the metal.39 

These data establish that complexation of an a2u radical by a 
nitrogenous ligand such as pyridine results in an ~ 10% increase 
in the pyrrole nitrogen coupling constants accompanied by a 
significant interaction with the nitrogen atom of the ligand via 
the metal.40 Such a profile, i.e., high spin densities at the meso 
positions, the pyrrole nitrogens, and the nitrogen of the axial ligand, 
is indeed predicted by IEH calculations for ligated zinc radicals 
as well as for compound I of HRP16 (Figure 6). The agreement 
between the experimental results and the calculations for the zinc 
radicals lends credence to the calculations for HRP I and suggests 
therefore that the 14N ENDOR coupling constants detected by 
Roberts et al.15 in HRP I include contributions from the imidazole 
bound to the heme radical.41 

(39) We assume that ZnTPP-py+-C104" is pentacoordinated with the 
perchlorate ion positioned on the side as in Fe(III)TPPCl+-SbCl6": Gans, P.; 
Marchon, J. C; Reed, C. A. Nouv. J. Chim. 1981, 5, 203-204. 

(40) A similar increase in the pyrrole nitrogens and delocalization onto the 
axial ligand has also been observed in a2u radicals complexed by halide 
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In contrast to the spin density profile observed in a2u radicals, 
model studies and calculations indicate9,16 a very different spin 
distribution for alu radicals (Figure 6). Most of the unpaired spin 
is localized at the a-carbons of the pyrroles with aN ro|s < 0.3 G 
and aH = 1.2-1.5 G (in typical alu radicals such asZnOEP+-, 
MgOEP*-, and zinc tetrabenzporphyrin+-).9,16 Addition of com-
plexing anions such as Cl" or Br has little effect on the ESR 
spectra of ZnOEP+-90 Similarly, as shown in Figure 7, addition 
of py to ZnOEP+- does not alter the singlet ESR spectra within 
the limits of detection (peak to peak line widths of the first de
rivative spectra = 2.54-2.56 G).42 The optical spectrum of 
ZnOEP+- is characteristic of alu radicals9b and provides a rationale 
for the interesting observation43 that oxidation of HRP recon
stituted with zinc protoporphyrin (ZnProtoP) leads to a free radical 
species with an optical spectrum similar to that of compound I 
of CAT (a,u)

16 rather than of HRP (a2ll).
16 If ZnOEP is taken 

as a viable model for ZnProtoP, and since py ligation of ZnOEP+-
does not alter its ground-state occupancy,44 we assign the zinc-
reconstituted HRP radical to an alu species as well and thus can 
offer a simple explanation for its CAT-like absorption spectrum. 

The reconstitution results further reinforce the notion, already 
amply demonstrated by a variety of other techniques,9-16 that at 
least one oxidizing equivalent of HRP I is stored in the form of 
a porphyrin ir cation and not as an oxidized protein residue, an 
alternative frequently considered.2,3'14'46 This controversy has 
been fueled, in part, by the observations that compound ES of 
CCP, which also lies two oxidation levels above the resting enzyme, 
does exhibit a narrow ESR signal, ENDOR features, Mossbauer 
parameters, and optical spectra consonant with a ferryl porphyrin 
and a residue radical.2'3'8,17'47 This overall oxidation level seems 

(41) To date, the major features of the calculations for HRP I16 are in good 
agreement with experimental NMR14 and ENDOR15 results for the pyrrole 
nitrogens," the oxygen of the ferryl moiety15 and the substituents at the /3 
positions of the pyrroles.14,15 A reviewer has requested that we also test the 
calculations by comparing an a2u zinc radical with and without py. For 
ZnP+-ClO4", with the counterion positioned as observed38 in the X-ray 
structure of ZnTPP+-ClO4", the p values are 0.121 at the meso positions, 0.110 
and 0.111 at the pyrrole nitrogens, and 0.016 at the zinc to be compared with 
values of 0.102 (meso), 0.108 and 0.118 (pyrrole nitrogens), and 0.003 (Zn) 
for the pyridine complex (from Figure 6). As discussed above, the experi
mental results for the two types of radicals show the coupling constants to be 
essentially unchanged at the meso positions and to have increased by ~ 10% 
at the pyrrole nitrogens and by ~60% at the zinc. Since the observed coupling 
constant of the latter is very small and since the origin of the metal hyperfine 
coupling in Zn radicals has been attributed to a C—K polarization mechanism 
(Mengersen, C; Subramanian, J.; Fuhrhop, J. H.; Smith, K. M. Z. Natur-
forsch, A 1974, 29A, 1827-1833), any small movement of the Zn should result 
in a large change in its observed coupling. The decrease of ~ 20% at the meso 
positions is not observed experimentally, but here again, conformational 
changes may influence the observed splittings. (For example, the X-ray 
structure of ZnTPP+-ClO4" shows the macrocycle to be puckered.) The 
observed increase in the pyrrole nitrogen splittings does follow the trend 
predicted by the calculations and, more significantly, so does the axial ligand. 
The salient features of the spin density profiles predicted by the calculations 
for the two radicals are certainly observed experimentally. 

(42) That the py is ligated to ZnOEP is evident from the red shifts in the 
optical spectrum Xma, = 566, 529, and 400 nm vs. 575, 539, and 412 nm and 
the cathodic shift in the oxidation potential, £1/2 = 0.67 V for ZnOEP to 0.59 
V for the complexed species. 

(43) Kaneko, Y.; Tamura, M.; Yamazaki, I. Biochemistry 1980, 19, 
5795-5799. 

(44) ZnOEP-py absorbs at 575, 539, and 412 nm to be compared with 
maxima at 588, 551, and 426 for ZnProtoP in pyridine.43 Attempts at ob
taining an optical spectrum of ZnOEPpy+- were complicated by the formation 
of its dimer (ZnOEPpy)2

2+. The spectrum of the monomer is nonetheless 
similar to that of ZnOEP+- and clearly a]u. The dimer is diamagnetic and 
does not interfere with the ESR measurements.9b,4S Since the dimerization 
requires that two positively charged species join, the process is favored by 
increasing solvent polarity45 and, apparently, by complexing agents as well: 
whereas ZnOEP+- is monomeric in CH2Cl2, addition of py yields a large 
fraction of the dimer. Similar results are obtained with a derivative in which 
py is covalently bound. Details of these results will be presented elsewhere. 

(45) Fuhrhop, J. H.; Wasser, P.; Riesner, D.; Mauzerall, D. / . Am. Chem. 
Soc. 1972, 94, 7996-8001. 

(46) Morishima, I.; Ogawa, S. J. Am. Chem. Soc. 1978,100, 7125-7127; 
Biochem. Biophys. Res. Commun. 1978, 83, 946-953; Biochemistry 1978,17, 
4384-4388. 

(47) Simonneaux, G.; Scholz, W. F.; Reed, C. A.; Lang, G. Biochim. 
Biophys. Acta 1982, 716, 1-7. 

to be equivalent to the one which results from the reaction of HRP 
I with a substrate, S, to yield compound II: 

0=FeIVP+-(HRP I) + S — 0=FeIVP(HRP II) + S+-

It is attractive to speculate therefore that a ferryl porphyrin cation 
transient is common to all peroxidases and catalases on reaction 
with peroxides and that the distinguishing feature of CCP is the 
presence of an oxidizable residue R which acts as an indigenous 
substrate and reduces the porphyrin radical to yield compound 
ES: 

Fe111P+ + H2O2 — O=Fe111P+- + H2O 

followed by 

0=FeIVP+- + R ^ 0=FeIVP + R+-
Possible candidates for R have variously been postulated as 
tryptophan-51 on the distal side of the heme48 or methionine-172, 
coupled to another residue, on the proximal side.17 Since the 
proximal ligand of the CCP heme is a histidine,49 the putative 
ferryl ir-cation of CCP would therefore be an a2u cation,16 with 
spin density on the imidazole, if the extrapolation from the the
oretical and experimental results presented above is valid. This 
delocalization of spin on the proximal side would place the me
thionine within 4 A of the heme radical,50 a distance conducive 
to rapid electron transfer.51 The oxidized methionine radical could 
be further stabilized17 by a neighboring aspartate residue50 and 
thereby provide a pathway for the electron flow that eventually 
results in the oxidation of cytochrome c, the physiological substrate 
of CCP. 

The same electron-transport mechanism would apply to the 
transfer of the second oxidizing equivalent i/ the ferryl species 
remaining after consumption of the first equivalent is assumed 
to protonate and undergo an internal electronic isomerization8 to 
yield a hydroxy ferri-7r cation: 

0=FeIVP - ^ * HO—FeIVP+ ^ HO-Fe111P+-
Unlike the ferryl species, in which spin density is localized on the 
iron and oxygen atoms,16 the Fe(III) radical would possess an 
electronic profile similar to that of the original ferryl ir-cation. 

Note Added in Proof. The effects of nitrogenous ligands on 
a2u radicals have been extended to include imidazole (Im), a better 
model for the proximal histidines of HRP and CCP. At room 
temperature, Im reduces ZnTPP+- immediately. The ZnTPP-Im+-
complex can be stabilized at -50 0C and exhibits an optical 
spectrum similar to the one shown in Figure 1. Its 11-line ESR 
spectrum resembles that of ZnTPP-py+- and can be assigned, 
based on results obtained for 14N and 15N ZnTPP-Im+-, to four 
pyrrole nitrogens, AHN = 1.65 (±0.05) G, and one Im nitrogen, 
aN = 1.80 (±0.05) G, to be compared with aN = 1.50 (±0.05) 
G for ZnTPP+- and an average aN value of 1.62 (±0.05) G for 
the five nitrogens of ZnTPP-py+- at the same temperature. 
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