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This study shows the ESR spectra of oxoiron(lV) porphyrrication radicals ol—8 in dichloromethane methanol

(5:1) mixture. We reported in a previous paper that oxoiron(lV) porphyration radicals ofi.—4 are in an

& radical state while those &8 are in an a, radical. The ESR spectrg:£" ~ 3.1 andge™ ~ 2.0) for the

a1y radical complexesl—4, appear quite different from those reported previously for the oxoiron(IV) porphyrin
s-cation radical o5 (gy = 4.5, 9x = 3.6, andg, = 1.99). The unique ESR spectra of thg edical complexes
rather resemble those of compound | fréficrococcus lysodeikticusatalase (CAT) and ascorbate peroxidase
(ASP). This is the first examples to mimic the ESR spectra of compound | in the enzymes. From spectral
analysis based on a spin Hamiltonian containing an exchange interaction, the ESR spkeetraaf be explained

as a moderate ferromagnetic stat(~ 0.3) between ferryS = 1 and the porphyrim-cation radicalS = /5.

The magnitudes of zero-field splittind} for ferryl iron and isotropic) value, estimated from the temperature-
dependence of the half-saturation power of the ESR signalsy28eand~+8 cnt %, respectively. A change in

the electronegativity of thg-pyrrole substituent hardly changes the ESR spectral feature while that of the meso-
substituent slightly does owing to the change in EiB value. On the basis of the present ESR results, we
propose the g radical state for compound | of CAT and ASP.

EXAFS! spectroscopies. ESR studies of compound I have also
been performed for several peroxidases. The ESR spectrum of

An oxoiron(IV) porphyrinz-cation radical species has been  compound | of horseradish peroxidase (HRP) showed a broad
identified in catalytic cycles of some peroxidadestalases, signal aroundy ~ 2.0'2 while that of chloroperoxidase (CPO)
and cytochrome P-45@s.For peroxidases and catalagdbe exhibited signals ag ~ 2.0 and 1.23 A detailed study
oxoiron(lV) porphyrinz-cation radical has been known as a explained these difference in terms of magnetic interaction: very
reactive intermediate called compound I, and compound | hasweak magnetic interaction for HRP and moderate antiferro-
been also proposed for the reactive oxygenating intermediatemagnetic interaction for CP&:14 More recently, quite unique
of cytochrome P-458. For over a decade, because of the ESR spectra have been reported for the compound | of
importance in biological functions, the electronic states of Micrococcus lysodeikticusatalase (CAT¥ and ascorbate
compound | have been studied by electronic absorgtion, peroxidase (ASP}¥ Theoretical analysis suggested moderate

NMR,8 resonance RamarENDORS MCD,° Méssbauet? and ferromagnetic interaction for these compound I. Although a
variety of ESR spectra and magnetic interactions have been
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Figure 1. Structures of the porphyrin core of various substituted iron
porphyrin complexesl—8) employed in this study. Axial ligands were
omitted in this figure.

ferromagnetic interaction between iron(N§ = 1 and the
porphyrinz-cation radicalS = 1/, spins!81° Later, a similarS

= 3, ESR spectrum was also reported for an oxoiron(lV)
porphyrinz-cation radical complex having a 2,6-dichlorophenyl
group at the meso positidf. Although ESR spectra of several
oxoiron(lV) porphyrinzz-cation radical complexes have been
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Figure 2. ESR spectra of the perchlorate iron(lll) porphyriniota)
and its oxoiron(IV) porphyrimz-cation radical complex (b) formed from
the reaction with mCPBA. (a) Conditions: sample concentration, 3

500

reported, there has not been a model complex that can mimicMM in dichloromethane methanol (5:1); temperature, 4 K; microwave

the ESR spectral features of the compounds | in enzymes.

In this paper, we report an ESR study of oxoiron(lV)
porphyrinsz-cation radical complexes df~8, shown in Figure
1. Recently, we have reported the absorption spectral and NMR
studies of oxoiron(lIV) porphyrint-cation radical complexes
of 1-8 and showed that the complexes bf4 have an a,
radical state while those &8 have an g, radical staté! We
show here that the gradical complexes df—4 can first mimic
the ESR spectra of compound | of CAT and ASP while the a
radical complexes 06—8 exhibit typical S= 3/, ESR spectra.
The spectral analysis clearly shows the characteristics of spin
couplings for the @ and a, radical complexes: a moderate
ferromagnetic coupling for the ;@ complex and a strong
ferromagnetic coupling for the;@acomplex. On the basis of
present results, we discuss the orbital symmetry of the porphyrin
radical and the magnetic interaction for compound |I.

Experimental Section

Materials. Dichloromethane was refluxed over calcium hydride for
3 h and then distilled. Methanol anu-chloroperoxybenzoic acid
(mCPBA) were purchased from Nacalai Tesque and used without
further purification. 2,7,12,17-Tetramethyl-3,8,13,18-tetraarylporphy-
rins, 1—4, were synthesized by the previous mette? 5,10,15,20-
Tetraarylporphyrins5—8, were prepared by the method described in
the literature?!223 ron was inserted into the porphyrins by refluxing

(18) BiIll, E.; Ding, X.-Q.; Bominaar, E. L.; Trautwein, A. X.; Winkler,
H.; Mandon, D.; Weiss, R.; Gold, A.; Jayaraj, K.; Hatfield, W. E.;
Kirk, M. L. Eur. J. Biochem 199Q 188 665-672.

(19) Boso, B.; Lang, G.; McMurry, T. J.; Groves, J. I.Chem Phys
1983 79, 1122-1126.

(20) Mandon, D.; Weiss, R.; Jayaraj, K.; Gold, A.; Terner, J.; Bill, E.;
Trautwein, A. X.Inorg. Chem 1992 31, 4404-4409.

(21) (a) Fuijii, H.J. Am Chem Soc 1993 115 4641-4648. (b) Fujii, H.;
Ichikawa, K.Inorg. Chem 1992 31, 1110-1112. (c) Fujii, H.Chem
Lett 1994 1491-1494.

(22) Ono, N.; Kawamura, H.; Bougauchi, M.; Maruyama,TKetrahedron
199Q 46, 7483-7496.

(23) Lindsey, J.; Wagner, R.. Org. Chem 1989 54, 828-836.

frequency, 9.471 GHz; microwave power, 5/48/; time constant, 82
ms; gain, 6.3x 10°. (b) Conditions were as in part a except the
complex and mCPBA concentrations were 2 mM; microwave power
was 0.513 mW; and the gain was 2010

in acetic acid with iron(ll) chloride and sodium acetate, and the iron(lll)
complex was purified using an alumina column. Chloroiron(lIl)
porphyrins were prepared from the reaction of hydroxyiron(lll)
porphyrins with dilute HCI solution. Absorption spectra of chloroiron-
(Il complexes of 1—8 were identical with those in the previous
report?'2 Perchlorate iron(lll) porphyrins df—8 were synthesized by
the reaction of chloroiron(lll) porphyrins with silver(l) perchlorate in
dichloromethané?

Physical Measurements. ESR spectra were recorded on a JEOL
TE-200 equipped with an Air Products liquid helium cryostat and a
Bruker ESP-300 equipped with an Oxford liquid helium cryostat. The
magnetic field was calibrated by an Echo Electronics NMR field meter
EMF-2000A.

ESR Samples. Oxoiron(IV) porphyrinzz-cation radical complexes
were prepared in an ESR sample tube. The iron(lll) perchlorate
complex (2-4 mM) in a dichloromethanemethanol mixture (5:1) was
placed into an ESR tube, and the solution was cooled86 °C in a
methanol-liquid nitrogen bath. mCPBA 1.2 equiv) in dichlo-
romethane was slowly added to the solution. After the solution color
changed to green, the solution in the ESR tube was immediately frozen
to 77 K and was subjected to ESR measurements.

Results

ESR Spectra of A, Radical Complexes. Figure 2 shows
the ESR spectra of the iron(lll) perchlorate complex and
oxoiron(1V) porphyrins-cation radical complex of in dichlo-
romethane-methanol (5:1) at 4 K. The ESR spectrum of the
iron(lll) perchlorate complex ol exhibits signals ag = 5.6
and 2.0 (Figure 2a). On addition of 1.2 equiv of mMCPBA, the
signals almost disappeared and new signals are obsengd at

(24) Reed, C. A.; Mashiko, T.; Bentley, S. P.; Kastner, M. E.; Scheidt, W.
R.; Spartalian, K.; Lang, GJ. Am Chem Soc 1979 101, 2948~
2958.
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Table 1. ESR Parameters of Oxoiron(IV) PorphyrinCation
Radical Complexes
(d) compound g E/D ref
1 3.6,1.98 a
2 3.6,1.98 a
3 3.6,1.98 a
4 3.6,1.98 a
5 4.36,3.58, 1.99 0.065 a
©) 6 4.31,3.62,1.99 0.057 a
7 4.23,3.65, 2.00 0.048 a
_’A’Mrf_‘ 8 4.14, 3.66, 2.00 0.040 a
5b 4.47,3.50, 1.98 0.04 20
5° 0.067 19
/‘/'/\M (b) 7° 4.26, 3.50, 1.98 0.07 20
CAT 3.45,2 15
(/‘—’ ASP 3.27,1.99 16
HRP ~2 ~0 12
CPO 2.00,1.73,1.64 0.035 14
aThis work.?In dichloromethanemethanol (6:1)¢Data from
(@) Méssbauer spectrum in tolueamethanol.
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Figure 3. ESR spectra of oxoiron(lV) porphyrin-cation radical
complexes ofLl—4 in dichloromethanemethanol (5:1). Conditions: 0.2 (@)
sample concentrations;-B mM; temperature4 K except 10 K for3;
microwave frequengy, 9.47 GHz; microwave power,-015mW,; time 0 bl vl i il
Zonstant, 82 ms; gain, ® 1?to 1 x 10*. Key: (a)1; (b) 2; (c) 3, (d) 0.01 04 1 10 100 1000
' Power [ mW |
= 3.6 andg = 1.98, in addition to the signal at= 4.3 arising
from decomposed heme compound (FigureZbyWhen excess 10
mCPBA was added, we observed an increase in intensity of
the g = 4.3 signal and a sharp free radical signal arogrd 8
2.0, suggesting that the porphyrin ring was decomposed by
excess mCPBA. The ESR spectrum of the oxoiron(lV) por- 6
. . . . . . InP
phyrin s-cation radical ofl is quite unique, and the spectral 12
feature is totally different from that of TMP that exhibited a 4
typical S= 3%, ESR spectrum witly, = 4.5, g« = 3.5, andg,
= 1.9818 The ESR spectrum of the oxoiron(IV) porphyrin 2 (b
sr-cation radical ofl rather resembles that of compound | of -
ASP and CAT!>16 Theoretical analysis of the present ESR 0 L ! ' ! |
spectrum ofl suggests a moderate ferromagnetic interaction 005 01 015 02 025 03 0.35
between the ferryl iron and the radical spins. The details will 1T
be discussed in the Discussion. Figure 4. (a) ESR saturation data fdras a function of temperature.

To investigate the effect of the electronegativity of the The signalSis taken as the peak height in the derivative spectrum.
B-pyrrole substituent on the ESR spectral features, we measuredrhe solid lines are fits 08P 2= 1/(1+ P/Py)*2. Key: B, 3.7 K;
the ESR spectra of the oxoiron(IV) porphyrincation radical ~ ® 4.2 K; a, 4.8 K; #, 5.6 K0, 7.6 K. (b) Plot of InPy;; obtained
complexes oP—4. The ESR spectra are shown in Figure 3, from curve fits of part a vd~*. The solid line shows the fit based on
and theg values are summarized in Table 1. The ESR spectra eql
of 2—4 are almost similar to that df, i.e., a broad signal around
g ~ 3.6 and a sharp signal arougd~ 1.982°> The present
ESR spectra suggest that the oxoiron(IV) porphytheation
radical complexes af—4 have moderate ferromagnetic interac-
tion between ferryl ironS = 1, and the porphyrinz-radical
spin, S = 1/,.

To further investigate the electronic state, we examined the
saturation behavior of the ESR signalslofBecause the higher
doublets in three Kramers doublets largely determine the spin

relaxation rate of the ground doublet, the experiment allows
the determination of the energiés€; and AE, of the higher
doublets. Figure 4a shows ESR saturation datalfas a
function of temperature. The ESR signal is saturated in the
high power microwave region, and the saturation is more
effective at low temperature. The data are well fitted by the
function of SP"Y2 [0 (1 + P/Py,) 12, whereS is the signal
intensity, P is the microwave power an®,, is the half-
saturation power. In Figure 4b, we plot the half-saturation
(25) Theg values forl—4 were calculated at peak tops of derivative ESR powerPyy, estimated from a least-squares fit, against 10n

spectra. Dispersion ESR under rapid-passage conditionsstoowed th.e basis of the m9d9| in WhiCh th? iron(V) tr_iplet spin ?OUp.les
go ~ 3.1 andg ~ 2. with the porphyrin z-radical spin, the spin relaxation is
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Field [mT] Figure 6. (a) Energies of Kramers doublets formed from eq 1 in units

of the zero-field parametdd as a function of/D. (b) The effective

Figure 5. ESR spectra of oxoiron(lV) porphyrim-cation radicals of . .
9 P (V) porphy g values,g-#" and g, obtained from eq 2, as a function @/D for

5—8 in dichloromethanemethanol (5:1). Conditions: sample con- he | K doublet. The ferwival K -
centrations, +3 mM; temperature, 14 K, except 20 K férmicrowave the lowest Kramers doublet. The ferylalues are taken to b, =

frequency, 9.30 GHz; microwave power, &5 mW: time constant,  2:23 andgi = 1.96, which are appropriate for the caBe~ 30 K3
64 ms; gain, 5x 1 to 2 x 1. Key: (a)5; (b) 6; (c) 7, (d) 8. and an isotropig value of 2.0 is used for the porphyrirrcation radical.

From ESR analysis based on &rr %/, spin Hamiltoniar' we
estimated th&/D values for5—8 and summarized them in Table
1. As expected from the ESR spectra, BB value decreases
with an increase of electronegativity of tleesesubstituent.

Py, = AT+ B/[exp(AE/T) — 1] (1) Discussion

A variety of ESR spectra for the oxoiron(lV) porphyrin

with AE ~35 K(25 cn?). Orbach transitions to the highest _cation radical species have been reported; nevertheless, all
Kramers doublet are much less efficient than the transition to -5 pe analyzed in terms of a spin coupling, as described by eq

the intermediate doublet in relaxing the ground doublet; thus, 2, between the zero-field split ferryl iron (S 1) and the
AE must be close to the energyE; of the latter. The estimated
AE value was close to thB value of HRP compound | and P _1a 2_2 2 _ o2
much smaller than that of CPO compound I. H IS+ DG 1)+ B Sy) )
ESR Spectra of A, Radical Complexes. To compare the
ESR spectral features between thg and the g, radical
complexes, we measured the ESR spectra of the oxoiron(IV)
porphyrin wr-cation radical complexes &—8. In a previous
paper, we have reported that the oxoiron(lV) porphytication
radical complex o6 has an g, radical state and theastate
gradually shifts to the ;g state with an increase in electroneg-
ativity of the meso substituent; with going frdrto 8.21 Figure
5 shows the ESR spectra of the oxoiron(IV) porphyrination
radical complexes d5—8 in dichloromethane methanol (5:1)
at 14 K. Theg values are summarized in Table 1. For all four
complexes, we observed typical= 3, ESR spectra that have
effective g values g, ~ 4.3, gx ~ 3.7, andg, ~ 1.99.
Interestingly, with an increase in electronegativity of these
substituent, they, signal decreases its intensity relative to the

dominated by Orbach processes via excited doublet stafgs, 1/
O 1/(expAE/KT) — 1) at all but the lowest temperatures. Thus,
the data are well fit using the function

porphyrin szz-cation radical (S= 1/2), wherelJ is the spin
coupling parameter an® and E are the zero-field splitting
parameters of ferryl iron. By operating six eigenfunctions in
eq 2, three Kramers doublets which remain 2-fold degenerate
in zero field are formed. For axial symmetrie & 0) and
isotropic J, the eigenfunctions depend on the raii® only.
Figure 6a shows the change in energies of the three Kramers
doublets againsi/D.

As shown in Figure 6a, the lowest Kramers doublet is well
separated in energy from the two higher ones. Thus, the
observed ESR signals for the oxoiron(IV) porphyrircation
radicals arise from the ESR transitions in the lowest Kramers
doublet. Operating the eigenfunctions for the lowest Kramers
doublets in eq 3, we estimated the change in g values relative

Ox signal. Furthermore, the separation betweenghand gy H=H '+ gBH-S+ gpH-S (3)
signals is decreased with an increase in electronegativity of the
mesesubstituent. Because the separation betwgeand gy J/D, whereH is the applied magnetic field arglandg' areg

signals is proportional to th&/D value in the first-order values for ferryl iron and the porphyrie-cation radical,
perturbation, the decrease indicates a decrease EEhealue. respectively. Figure 6b shows the change in effeajivalues,
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gef, for isotropicJ and E = 0 as a function oflJ|/D. The
effective g value along the heme normaje() is essentially
constant for all values a¥/D. The effectiveg value along the
heme planed£f) increases monotonically witl/D for ferro-
magnetic coupling while thg™ value passes through zero at
J/ID ~ 0.4 for antiferromagnetic coupling.

The present ESR spectra of the oxoiron(lV) porphyrin
sr-cation radicals ofi—8 are well interpreted by Figure 6. The
ESR spectra of the gradical complexesl—4, which giveg#ff
~ 3.1 andg¢f ~ 2.0, represent ferromagnetic coupling with
an intermediate strength ¢8|//D ~ 0.3 while the @, radical
complexesb—8, show strong ferromagnetic coupling|/D >
~ 1. Giving |J|/D = 0.3 for the a, oxoiron(IV) porphyrin

Inorganic Chemistry, Vol. 35, No. 8, 199&@377

Table 2. Spin Hamiltonian Parameters of Oxoiron(IV) Porphyrin
m-Cation Radical Complexes and Compound |

compound JD D (cm™) Ja E/D  ref

1 (asy, complex) 0.3 28 +8 b
5 (aou complex) 1.7 25 +43 0.04 20
18.6 J=D 0.067 19
7 (au complex) 15 25 +38 0.07 20
CAT 0.4 15
ASP 0.28(0.9) 16
HRP <#40.1 26 <+2.6 ~0 12
CPO —1.02 37 —38& 0.035 14

a Exchange interaction was defined by eq 2. Thus, a positiaue
means ferromagnetic interaction and a negaliieantiferromagnetic
interaction.? This work.¢The value was calculated fro®@ and J

z-cation radical complexes, we can calculate the energies ofvalues.d From Figure 6be The value was obtained frod{D and D

the excited Kramers doublets to Bd=;/D = 0.88 andAE,/D
= 1.23, as shown in Figure 6a. If we identify the energy of
the lower level AE;, with AE, AE = ~25 cnt! as found by
fitting the spin relaxation data, we finld = ~28 cnt? for the
ferryl iron state. The obtaineld value is larger than that &
18.6 cnT! by Boso et al? and 25 cm! by Mandon et af® We
also calculated the isotropitvalue,J ~ +8 cnl, from the
presentD and|J|/D values. The obtained value clarifies the
moderate ferromagnetic coupling farand the value is much
smaller than that o whoseJ value is more thar-43 cnr1,19:20

The finding of ferromagnetic interaction for both,and a,
complexes is reasonable for an oxoiron(1V) porphyrication
radical state. As emphasized by Reed et%h,net overlap
between the @ and d orbitals of ferryl iron and ther-orbital
of the porphyrin ring would not be allowed even though the
symmetry of the porphyrin ring is reduced from 4- to 2-fold
symmetry; therefore, a ferromagnetic coupling is expected for
both a, and a, radical complexes. To be an antiferromagnetic
coupling like the CPO compound I, the distortion must include
a further lowering in symmetry, for example, a buckling of the
ring.

It is worth noting that the spin coupling in the,aomplex
is larger than that in the;gcomplex. This is explained by the
spin densities at the pyrrole nitrogen atom in the and a,
orbitals2’28 In the a, orbital, a large spin density exists on

values.

and aryl groups) and no substituent at theseposition make
the porphyrin plane flexible. The small|/D values forl—4,
compared with those 05—8, may reflect on these points,
together with the orbital symmetry(spin density) of the radical
orbital.

On the basis of the present ESR results, we would like to
discuss the electronic state of compound I. The present ESR
spectra of the @ oxoiron(lV) porphyrin z-cation radical
complexes 1—4) resemble those of compound | of CAT and
ASP. Further, as summarized in Table 2, the detailed ESR
analysis showed that tHéd|/D values for compound | of CAT
(1J/D = 0.4) and compound | of ASRJ/D = 0.28) are similar
to those of the & radical complexes but not similar to those of
the g, complex. Although the axial ligand in the present model
complexes is different from that in CAT and ASP, these
similalities allow us to expect thg gradical states for compound
| of CAT and ASP. The g radical state is also quite reasonable
from previous resonance Rantdmand NMR! studies where
the a, state is predominant for the iron protoporphyrin (meso-
unsubstituted porphyriny-cation radical complex.

As shown in Figure 6b and Table 2, a variety|8fD values
have been reported for compound | in heme enzymes while those
for model complexes are uniform. This may be explained by

the pyrrole nitrogen atom, which leads to a strong ferromagnetic the idea discussed by Benecky et@lyhere the nature of the

interaction if metal and porphyrin orbitals are orthogonal. On
the other hand, a magnetic interaction for thgabital would

proximal ligand relates to the sign and magnitude of the
exchange parameted)(and the zero-field parameted). The

be weak because the pyrrole nitrogen atom is a node. Further-sixth ligand of the present model complexes is methanol while

more, we should take account of the fact that the porphyrin
plane of1 is much more flexible than that &. We have
reported that the copper(ll) porphyrirrcation radical ofl has
weak antiferromagnetic couplirf§. On the other hand, Erler

et al. showed a strictly planar structure and a strong ferromag-

netic interaction for the copper(ll) porphyrim-cation radical
of 52° Since a ferromagnetic interaction would be expected
for both complexes if porphyrin is strictly planar, the weak
antiferromagnetic coupling observed fdr suggests some
deviation fromDg4, symmetry in its geometry. Actually, the
observed value for copper(ll) porphyrimt-cation radical of

1 was much larger than that 6f This is also the case for the
oxoiron(lV) porphyrinzz-cation radical complex. Considering
the present largP value forl, we expected some distortion of
the porphyrin plane of, which results in a decrease of te
value. Asymmetric substitution at the pyrrgigosition(methyl
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W. F.,; Reed, C. AJ. Am Chem Soc 1986 108 1223-1234.

(27) Fajer, J.; Davis, M. S. Ifthe PorphyrinsDolphin, D., Ed.; Academic
Press: New York, 1979; Vol. 4, pp 19256.

(28) Fuijii, H. Inorg. Chem 1993 32, 875-879.

(29) Erler, B. S.; Scolz, W. F.; Lee, Y. J.; Scheidt, W. F.; Reed, CJ.A.
Am Chem Soc 1987, 109, 2644-2652.

various axial ligands have been known in heme enzymes;
phenolate from tyrosine in CAT, imidazole from histidine in
HRP and ASP, and thiolate from cystein in CPO. Weak
coordinations of methanol and phenolate in CAT, and imidazole
in ASP to ferryl iron would maintain the orbital orthogonality,
which leads to ferromagnetic interaction. In contrast, the
effective symmetry of compound | in CPO and HRP is lowered
by axial thiolate and imidazole ligands. The strontponding
character of thiolate in CPO increases the orbital overlap to the
point that antiferromagnetic coupling dominates while HRP
represents a presumably fortuitous balance where0.
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