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A new type of high-valent oxoiron porphyrin (3b) has been prepared by the reaction of Fe™(tdcpp) (1b) [tdcpp: 5,
10,15,20-tetrakis(2,6-dichlorophenyl)porphyrin] with an oxidant such as p-nitroperbenzoic acid and pentafluoroiodosyl-
benzene at —90 °C in CHyCl, in the presence of a small amount of methanol. The UV-vis spectrum of 3b (Amax at 418
and around 550 nm) is similar to that of O=Fe!” (tdcpp) (4b, Amax 419, 543 nm). However, titration of 3b by iodide ion
indicates that the oxidation state of 3b is two-electron oxidized from the iron(Il) state. Further, 3b catalyzes oxygenation
of olefins such as styrene even at —90 °C. Possible formulation of 3b as a t-cation radical is readily ruled out by deuterium
NMR observation. The solution magnetic susceptibility (tefr =4.0£0.2 pp) of 3b indicates that 3b has three unpaired
electrons. These results indicate the formal description of 3b as being a high spin complex of either an O=Fe(V) porphyrin
or -O—Fe(IV) porphyrin. The same oxidation of 1b in the absence of methanol gave O=Fe! (tdcpp) m-cation radical (2b).
‘We think the ligation of methanol causes the destabilization of iron d orbitals and eventually turns upside down the energy
levels between the iron dy;, dy; orbitals and the porphyrin HOMO orbital (as,) since the aj, orbital is stabilized by the
introduction of electron-withdrawing groups on the porphyrin ring.
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Synthetic iron porphyrin complexes in high oxidation
states have served as models for the active species of perox-
idase, catalase, and cytochrome P-450. Among them, two-
electron oxidized iron porphyrin complexes have been exten-
sively studied to understand the biological use and manipula-
tion of reactive intermediates. For example, oxoiron(I'V) por-
phyrin ni-cation radicals,? iron(Ill) porphyrin N-oxides,? and
iron(1Il) porphyrin dications,” which are formally two-elec-
tron oxidized from the iron(Ill) state, are now known. Espe-
cially, the oxoiron(IV) porphyrin n-cation radicals are closely
related to compound I of peroxidases® and catalases.” The
formation of compound I'in the catalytic cycles of these heme
enzymes is supported on the basis of electronic,” EPR,”
NMR,® ENDOR,** resonance Raman,” and Mossbauer
spectral measurements.'®

The active species responsible for the oxidative
metabolism of foreign compounds by P-450 has been con-
sidered to be similar to compound I of peroxidases,' since
many types of monooxygenation by P-450 have been mim-
icked by oxoiron(IV) porphyrin m-cation radicals of synthetic
iron porphyrin complexes.'® Unfortunately, no higher va-
lent intermediates in the catalytic cycle of P-450 have been
characterized. Very recently, Egawa et al. have reported
the observation of compound. I as a transient intermediate
by rapid scan absorption spectrometry in the reaction of m-
chloroperbenzoic acid (mCPBA) with P-450.,n,,'® however,
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the observed spectrum is a mixture of several species and a
spectrum obtained by the subtraction of undesired species is
still controversial. Thus, efforts to identify the active species
of P-450 are quite important. Especially, an oxoiron(V)
porphyrin complex is an attractive candidate for the active
species in the P-450 reactions. In 1989, Champion proposed
favorable formulation of an iron(IV) porphyrin oxy radical
(one extreme resonance structure of oxoiron(V) porphyrin)
over compound I due to the strong electron donating ability
of the thiolate ligand and non-polar environment of the heme
pocket of P-450 (Eq. 1).!¥
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Very recently, we have reported the transformation of
O:FeIV(tdcpp)+' (2b, tdcpp: 5,10,15,20-tetrakis(2, 6-di-
chlorophenyl)porphyrin) to an alternative intermediate, most
likely, O=FeV (tdcpp) (3b), which has a similar UV-vis spec-
trum to that of oxoiron(IV) porphyrin complexes (compound
1), by introducing MeOH as a sixth ligand.'”® However,
Jayaraj et al. also reported the oxidation of Fe™(tdcpp) in
the presence of MeOH to give O=Fe!V (tdcpp)*" under similar
conditions.'® Thus, we provide experimental evidence for the
rationalization of these different observations. In addition,
we have prepared 3b by the reaction of [Fe™(tdcpp)] (C1O4)
and pentafluoroiodosylbenzene under mild conditions. Two
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independent preparations of 3b allows us to examine in more
detail the reactivities of 3b under various conditions. More
importantly, we have shown herein the manipulation of the
electronic structure of the two electron oxidized oxoiron por-
phyrin complexes, 2 and 3, by introducing a series of elec-
tron-withdrawing substituents on the porphyrin ring.

Experimental

Materials. Dichloromethane was refluxed over CaH, and
distilled under Ar just before use. Htdcpp, Hatcmpp [tcmpp:
5,10,15,20-tetrakis(2-chloro-6-methylphenyl)porphyrin], Haotcfpp
[tcfpp:  5,10,15,20-tetrakis(2- chloro- 6- fluorophenyl)porphyrin],
and Hottcpp [ttepp: 5,10,15,20-tetrakis(2, 3, 6- trichlorophenyl)-
porphyrin] were prepared by the methods reported.'” Pyrrole-
deuterated Hotdcpp was prepared as described previously.'® Meso-
substituents-deuterated Hytdepp was prepared by treating Hatdepp
with concentrated *H,SO; at room temperature.'® Iron was inserted
into Htdepp to form [Fem(tdcpp)](Cl) by a standard method.?”
[Fe™(tdcpp)](OH) was prepared by passing a dichloromethane so-
lution of [Fem(tdcpp)](Cl) through an alumina column. Addition
of 1 equiv of m-chlorobenzoic acid (mCBA) to [Fe"(tdcpp)](OH)
gave [Fem(tdcpp)](mCB) (1b-mCB) (mCB: m-chlorobenzoate).
[Fe™(tdepp)](ClO4) (1b-C104) was prepared as described earlier.?”
Pentafluoroiodosylbenzene (CsFsI0)*? and p-nitroperbenzoic acid
(pPNPBA)* were prepared and purified by procedures from the lit-
erature. m-Chloroperbenzoic acid (mCPBA) was purchased from
Wako Chemicals and purified as described before.” Silver per-
chlorate and tetrabutylammonium iodide (TBAI) were purchased
from Aldrich and Wako, respectively. TBAI was purified by re-
crystallization from dichloromethane/hexane and dried in vacuo.
Norbornylene, styrene, p-chlorostyrene, p-methylstyrene, and a-
methylstyrene were purchased from Aldrich and used without fur-
ther purification.

Physical Measurements.  Absorption spectra were recorded
on a Hitachi 330 spectrometer. Low-temperature absorption spectra
were obtained using a DN 1704 variable-temperature liquid nitro-
gen cryostat (Oxford Instruments). Proton NMR and deuterium
NMR spectra were recorded on a GE Omega-500 spectrometer and
Nicolet NT-300 spectrometer. Chemical shifts were referenced to
tetramethylsilane (TMS), and downfield shifts were given a posi-
tive sign. GLC analyses were done on a Shimadzu GC-14A fitted
with a Shimadzu CBP1 (25 m) capillary column. Electrochemical
measurements were done with a three-electrode potentiostatic sys-
tem. The working electrode was a Ag/AgNOs saturated calomel
electrode (SCE) separated from the bulk solution by fine glass frits.
A cyclic voltammogram was obtained on a BAS CV-50W.

Preparation of 3b and 3b’. A dichloromethane solution of 1b-
mCB [2.2x 107> M, 1 M =1 mol dm™>] ina UV cuvette was cooled
to —90 °C. To the resulting solution was added 8 equiv of mCBA,
1.8 equiv of pNPBA (a small excess for complete oxidation), and
4 equiv of methanol, to give a red species, 3b. Complete formation
of 3b was confirmed by the UV-vis spectral changes at —90 °C.
The reaction of 1.8 equiv of CsFsIO and 1b-C1O4 [1.0x 10™* M] in
dichloromethane in the presence of 200 equiv of methanol at —90
°C also yielded a red species, 3b’.

NMR sample of 3b [3.0x107> M] and 3b’ [1.0x 107> M] was
prepared at —90 °C according to the stoichiometry described above.

Preparation of Oxoiron(IV) Porphyrin n-Cation Radicals
(2).  Oxoiron(IV) porphyrin si-cation radical (O=Fe"¥ (tdcpp)*",
2b) was synthesized by the addition of 8 equiv of mCBA and 1.8
equiv of pNPBA to [Fe"(tdcpp)](mCB) [2.2x 107> M] in dichio-
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romethane at —90 °C.'» Other oxoiron(IV) porphyrin ni-cation
radicals (2a—d) were also prepared by the reaction of 1-ClO4
(a—d) [1.0x 10~ M] with 1.8 equiv of mCPBA in dichlorometh-
ane at —90 °C.>” Characterization of the products was done on
the basis of a less intense Soret band and broad absorption around
600—700 nm as well as a large upfield shift of the pyrrole -protons
of 2 on the NMR spectroscopy.

Preparation of Oxoiron(IV) Porphyrin (4b). As reported
by Gold et al.,”> [Fe™(tdccp)](OH) [1.0x 107> M] was oxidized by
mixing with 4 equiv of mCPBA at —60 °C in dichloromethane solu-
tion containing 0.1% ethanol as a preservative. The formation of an
oxoiron(IV) porphyrin complex (4b) was confirmed by comparison
of its UV-vis spectrum (Amax 419 and 543 nm) to that reported.”

Reaction of 2 and 3 with Olefins. In a typical run, a dichlo-
romethane solution of 2 or 3 [ca. 2x 10~° M] was prepared by the
addition of one equiv of the oxidants at —90 °C. Completion of the
reaction was confirmed by monitoring spectral changes at —90 °C.
Then, 500 equiv of norbornylene, 1000 equiv of styrene, or 1000
equiv of p-chlorostyrene at —90 °C was introduced to begin the
oxygenation. The rate constant for each reaction was calculated on
the basis of the time-dependent spectral changes.

To GLC samples, TBAI was added before injection to prevent
thermal reactions of olefins with the remaining oxidizing species.

Results

p-Nitroperbenzoic acid ()NPBA) and pentafluoroiodosyl-
benzene (C¢FsI0) have been used as convenient stoichiomet-
ric oxidants for the preparation of oxoiron(IV) porphyrin -
cation radicals (2). The rate for the formation of 2 is known
to be dependent on the reaction conditions and the nature of
the porphyrin ligands. For example, introduction of elec-
tron-withdrawing groups such as halogens on the porphyrin
periphery decreases the rate, and the reaction can be accel-
erated by the addition of acid since the O—O bond cleavage
in acylperoxo-iron(Ill) porphyrin complexes is catalyzed by
acid.?? Thus, we have to use an excess of m-chlorobenzoic
acid (mCBA) for the preparation of 2b by the reaction of
[Fe™(tdcpp)](mCB) (1b-mCB) and pNPBA.' On the other
hand, m-chloroperbenzoic acid (mCPBA) can be used when
[Fe™(tdcpp)](ClO4) was used as a starting material 2%

UV-vis Spectra of High Valent Intermediates.  The
reaction of 1b-mCB with 1.8 equiv of p-nitroperbenzoic acid
(pPNPBA) in the presence of 8 equiv of mCBA was examined
at —90 °C by UV-vis spectroscopy. The oxidation product
was readily assigned to O=Fe!" (tdcpp)** (2b) on the basis of
its characteristic UV-vis spectrum (Fig. 1). Asreported in our
preliminary communication,'” addition of 4 equiv of meth-
anol to the dichloromethane solution of 2b afforded a red
species 3b, the UV-vis spectrum (Fig. 1) of which is similar
to those of oxoiron(IV) porphyrin complexes (4)* but very
different from complexes of iron(Ill) porphyrin dications®
and iron(Ill) porphyrin N-oxides.?3b can be directly pre-
pared when the reaction of 1b-mCB and pNPBA is done in
the presence of a small amount of methanol. In most of the
spectroscopic studies, including Fig. 1, we used a small ex-
cess of oxidants to complete the formation of 2b and 3b. 2b
and 3b can also be prepared by the stoichiometric reactions
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Fig. 1. UV-vis spectra of 1b-mCB, 2b, and 3b [2.2x107>
M] in dichloromethane at —90 °C. 2b was obtained by
the addition of 1.8 equiv of pNPBA to 1b-mCB. 3b was
obtained by the addition of 4 equiv of methanol to 2b.
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of 1b and pNPBA in 90% yield, which has been calculated
from analysis of the spectrum.

In our previous report,'® we have assigned 3b as oxoiron-
(V) porphyrin on the basis of iodometric titration and EPR
and NMR spectroscopic observations. The solution of 3b
contains additives such as mCBA and pNBA, which prevent
us from examining the detailed structure of 3 and roles of
methanol. Therefore, we have exploited other synthetic pro-
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Fig. 2. UV-vis spectral changes upon the addition of
1.8 equiv of Fs-PhIO to [Fe™(tdcpp)l(Cl04) (1b-ClO4)
[1.0x107* M] (---) in dichloromethane containing 200
equiv of methanol at —90 °C at 7-min intervals (first scan
was immediate after the addition of F5-PhlO).
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cedures of 3 under neutral conditions. Figure 2 shows time-
dependent spectral changes upon the addition of pentafluo-
roiodosylbenzene (CgFsI0) to a dichloromethane solution
(including 200 equiv of MeOH) of 1b-ClO4 at —90 °C. The
UV-vis spectrum of the product (3b’) is essentially the same
as that of 3b, but the absorption maximum of 3b at 546 nm is
different from 3b’ by 14 nm (Table 1). Like the reaction of
3b with olefins, addition of norbornylene to the solution of
3b’ in an UV cuvette at —90 °C caused the spectral changes
to afford 1b even at —90 °C, while independently prepared
O=Fe!V(tdcpp) (4b) did not react at all with olefins under
similar conditions. That both 3b and 3b’ react with olefins
even at —90 °C to afford 1b suggests that these complexes
are two-electron-oxidized ones from 1b.

C||O4
Ul 1B
Fe ) s ___PF_., 3b'
cl MeOH
1b-CIO, 3

To test these considerations, we have examined the oxida-
tion state of 3b and 3b’ as well as 2b by iodometric titration.

Formal Oxidation State of 2b, 3b, and 3b’. Ten
equiv of tetra-n-butylammonium iodide (TBAI) and m-chlo-
robenzoic acid (mCBA) were added at —90 °C to a dichlo-
romethane solution of 2b prepared by 1.8 equiv of pNPBA.
The reaction was directly monitored by UV-vis spectroscopy
as shown in Fig. 3a. The final spectrum is the superposition
of iron(Il) porphyrin complexes and Iz ~, which is generated
by the oxidation of I~. Figure 3a (inser) depicts a differ-
ence spectrum of the resulting solution and 1b-mCB. The
difference spectrum has an absorption maximum at 363 nm,
showing the formation of I3~. The addition of 10 equiv of
TBAI to the solution of 3b prepared by 1.8 equiv of pNPBA
gave a superimposed spectrum of 1b-mCB and I3~ (Fig. 3b)
(inset)). The same amount of I3~ was also observed for 3b’
prepared by 1.8 equiv of C¢FsIO. The total amounts of I3~
observed should include the amounts of I3~ formed by the
reaction of I~ with free oxidants, since we have used 1.8
equiv of the oxidant to complete the formation of 2b, 3b,
and 3b’. Therefore, the titration of 1.8 equiv of pNPBA
by I~ was done and the same amount of I3~ formation was
observed. In this case, pNPBA is also reduced to pNBA by
two electrons. The iodometric titration indicates that 2b, 3b,
and 3b’ are in the same oxidation state, which is formally
two-electron oxidized from the iron(IIl) state. Thus, we con-

Table 1. UV-vis and Proton NMR Spéctral Data of 3b, 3b’,

and 2b
UV-vis spectra  Chemical shift (ppm from TMS)
Porphyrin nm Pyrrole-H meta-H
3b? 418, 546 -35.1 8.0
3’ 418, 532 —229 8.8
2b? 409, 681 —46.2 44.0

a) Yamaguchi et al., J. Chem. Soc., Chem. Commun., 1992,
1721—1723.
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Fig. 3. (a) UV-vis spectra of 1b-mCB (---), 2b(—--), and

1b-mCB and I;~ (—), which was obtained by the addition
of 10 equiv of TBAI to 2b. (inser) UV-vis spectrum of
I3, which was given by subtracting the spectrum of 1b-
mCB from that of 1b+I37. (b) UV-vis spectra of 1b (---),
and 3b (—--), and 1b+I3~ (—), which was obtained by the
addition of 10 equiv of TBAI to 3b. (insef) UV-vis spectrum
of Is™, which was given by subtracting the spectrum of 1b
from that of 1b+I3™.

cluded that 3b and 3b’ are essentially the same species and
a small shift of the Q band in 3b’ from 3b could be induced
by different reaction conditions (see Discussion).

The magnetic susceptibility of 3b measured by the Evans
method®” was 4.04+0.2up, which fits the spin-only value
expected for an §=3/2 system. These results also suggest
3b to be isoelectronic to the oxoiron(IV) porphyrin 7-cation
radical.

NMR Spectra of 2b, 3b, and 3b’.  The reaction of pyr-
role-dg-1b-mCB with 1.8 equiv of pNPBA in the presence
of 8 equiv of mCBA was also examined at —95 °C. Upon
addition of pNPBA to a dichloromethane solution of pyrrole-
ds-1b-mCB, the pyrrole [-deuterium resonance of pyrrole-
dg-1b-mCB at 130 ppm (signal i, Fig. 4a) shifted to —46.2
ppm (signal ii, Fig. 4b) due to the formation of 2b.1>2® Ad-

Oxoiron(V) Porphyrin Complex
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Fig. 4. Deuterium NMR spectra of (a) pyrrole-ds-1b-mCB
[3.0x 1073 MJ; (b) 2b prepared by the addition of 1.8 equiv
of pNPBA to 1b-mCB; (c) 3b formed by the addition of 2
equiv of 2b in dichloromethane at —95 °C; (d)—(f) tem-
perature dependence of deuterium NMR spectra of solution
(c) at —85 °C, —75 °C, and —65 °C; (g) a NMR spectrum
of solution (f) at —80 °C.

dition of methanol to the solution of 2b at —95 °C caused
the solution to change color from green to red with the re-
placement of the pyrrole -deuterium resonance by a new
resonance of 3b at —35.1 ppm (signal iii, Fig. 4c), which is in
the region associated with the unpaired electron occupation
in d,y, d,, and d,, orbitals.”” The signal iii shows Curie law
behavior from —95 to —40 °C, which could be accounted
for by 3b being a single spin state. During the deuterium
NMR measurements, we have found reversible appearance
of signal ii upon raising the temperature (Fig. 4, c—f). The
temperature-dependent interconversion between 2b and 3b
is a further demonstration of 3b being in the same oxidation
state as 2b. Upon warming the solution to —65 °C, 3b was
reduced to 1b-mCB (signal iv, Fig. 4f) in several hours.
Figure 5 shows the deuterium NMR spectra of pyrrole-dg-
meta-dg-1b-Cl0y and its oxidized product (3b’). Upon addi-
tion of CeFs10 to a dichloromethane solution of pyrrole-ds-
meta-dg-1b-ClO,, the pyrrole f-deuterium and meta-deu-
terium resonances of 3b’ appeared at —22.9 and 8.8 ppm
from TMS at —90 °C, respectively. The signals were as-
signed based upon the result of the oxidation of pyrrole-dsg-
1b-ClO4. The appearance of the meta-deuterium resonance
in the diamagnetic region readily eliminates the possible for-
mulation of 3b’ as a porphyrin 5t cation radical®® (see Discus-
sion). The signals at ca. 110 ppm and ca. —50 ppm could be
assigned to the pyrrole f-deuterium of decomposed products
of 3b/’, iron(Il) and iron(IV) species, respectively, since the
intensity of these signals gradually increased during NMR
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Fig. 5. Deuterium NMR spectra of (a) pyrrole-dg-meta-ds-
1b-ClO4 [1.0x 1073 M] and (b) 3b’ formed by the addition
of 1.8 equiv of F5-PhIO in dichloromethane containing 200
equiv of methanol at —90 °C. In (a), the signal at ca.
40 ppm is assigned to pyrrole B->H of iron(lll) low spin
species.

measurement. Finally, the disappearance of the signal at ca.
—50 ppm with a concomitant increase of the signal at ca.

- 110 ppm was observed. Further, addition of olefin to the
solution of 3b’ at —90 °C caused the pyrrole f-deuterium
resonance shift to 108 ppm, which is typical for pyrrole 5-
protons of high spin iron(Ill) porphyrin complexes.” NMR
spectral data of 2b, 3b, and 3b’ are summarized in Table 1.
As observed in the UV-vis spectra of 3b and 3b/, the chemical
shifts of the pyrrole §-protons of 3b and 3b’ are also dif-
ferent. These would be attributable to the different reaction
conditions (see Discussion).

Upon the addition of a small amount of methanol-d, to
a dichloromethane solution of pyrrole-dg-2b, an additional
deuterium NMR signal at 25.6 ppm was observed at —95
°C, together with free methanol signals at 3.4 (CD3) and
4.8 (OD) ppm and the pyrrole deuterium signal for 3b at
—35.1 ppm. Disappearance of the signal at 25.6 ppm by
replacement of methanol-ds by methanol allows us to assign
it to methyl deuterium of methanol (or methoxide) ligated to
3b. On the basis of these observations, we assigned 3b and
3b’ as O=Fe(V) (or -O-Fe(IV)) porphyrin complexes having
methanol or methoxide as a 6th ligand.

Reactivity of 3b with Olefins. Reactions of olefins
with 2b or 3b were studied by following the time-dependent
UV-vis spectral changes of 2b or 3b. In these cases, 2b
and 3b were prepared by the use of one equiv of oxidant to
avoid reproduction of 2b and 3b by the reaction of an excess
of oxidant. Upon addition of 500 equiv of norbornylene at
—90 °C, disappearance of 2b (or 3b) was found to be first
order both in [olefin] and in [2b (or 3b)] (Eq. 4). The same
reactions with 1000 equiv of styrene and p-chlorostyrene
were also examined. The rate constants obtained are listed
in Table 2. In all cases, 3b was less reactive than 2b.

d[1b]/dt = kx[olefin][2b (or 3b)] = kobs[2b (or 3b)]. “)
Competitive oxygenation of norbornylene and «-meth-

ylstyrene by 2b or 3b was also done to examine the steric
effects of substrates on the oxidation. Oxidation of a mixture

Bull. Chem. Soc. Jpn., 71, No. 6 (1998) 1347

Table 2. Comparison of k, (1072 M~ !5 1) for Reaction of
2b, 3b, and 3b’ with Olefins in Dichloromethane at —90

°C

Olefin 2p 3p? 3’
Norbornylene 120 13 33
Styrene 120 11 29
p-Chlorostyrene 22 23 - 062

a) Yagaguchi et al.,, J. Chem. Soc., Chem. Commun., 1992,
1721—1723.

of norbornylene and a-methylstyrene (1 : 1, 20 equiv with re-
spect to the porphyrin) took place at —90 °C for 30 min. The
oxidized products were measured by GC. The total yields
of norbornylene oxide and a-methylstyrene oxide based on
2b and 3b were 72 and 53%, respectively. Both 2b and 3b
preferably oxygenated norbornylene over a-methylstyrene
with the selectivity (norbornylene oxide : a-methylstyrene
oxide) of 100: 30 and 100 : 35 by 2b and 3b, respectively.
Effects of Electron-Withdrawing Substituents Bound
to the Porphyrin Ring on the Formation of 3'.  Groves
et al. showed for the first time that the oxidation of Fe™(tmp)
by mCPBA in dichloromethane/methanol affords the corre-
sponding oxoiron(IV) porphyrin s-cation radical.” In this
study, 3b was formed by the oxidation of Fe™(tdcpp) (1b)
in the presence of methanol. In our preliminary report, we
have assigned 3b as O=Fe" (tdcpp) due to its relatively lower
HOMO of the porphyrin ring over the HOMO of a methanol-
coordinated heme iron, since the introduction of electron-
withdrawing chlorides on the porphyrin periphery.” If our
assumption is correct, we could control the electronic struc-
ture of two-electron oxidized oxoiron porphyrin complexes
between 2 and 3 by changing the porphyrin substituents.
Therefore, we have prepared a series of iron porphyrins hav-
ing substituents at the meso-positions of the porphyrin ring
(Fig. 6). Figure 7 shows the UV-vis spectra of the oxidation
products of 1-ClO4 (a—d) by Cg¢FsIO in dichloromethane
containing 200 equiv of methanol at —90 °C. Apparently the
spectra of 3¢’ and 3d’ are essentially the same as that of 3b’.
By contrast, the UV-vis spectrum obtained by the reaction of
1a-ClO4 and CgFs10 is quite unusual. A less intense Soret
band at ca. 395 nm and broad absorption around 600—700
nm are the indications of oxoiron(IV) porphyrin m-cation
radical (2a) formation, and a red-shifted Soret band at 420

a a
Ar Ar= @ —@ ® —O
)
TCMPP TDCPP
Ar Ar
) ¢ a
© -—@ @ ~©
F ci
Ar
TCFPP TTCPP

Fig. 6. Structure of the porphyrin core of various substituted
iron porphyrin complexes (a—d) employed in this study.
Axial ligands have been omitted for simplicity.
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Fig. 7. UV-vis spectra of (a) 2a/3a’, (b) 3b’, (c) 3¢/, and (d)
3d’ in dichloromethane containing 200 equiv of methanol
at —90 °C.

nm and a Q band around 540 nm are the spectrum expected
for oxoiron(V) porphyrin (3a’). Thus, we conclude that the
oxidation of 1a-ClO4 by C¢FsIO gave a mixture of two ox-
idation products, 2a and 3a’. This assignment was further
supported by the interconversion of two oxidation products
upon temperature changes (Fig. 8).

Figure 9 shows !HNMR spectra of the oxidation products
of 1(a—d)-ClOy4 prepared by C¢F5IO in dichloromethane-
d, containing 200 equiv of methanol-ds at —90 °C. The
oxidation products of 1 gave well-resolved hyperfine-shifted
proton NMR spectra that are different from those of the
parent iron(Ill) porphyrins. Signals were assigned based
on the selective deuteration. Appearance of the resonances
of the pyrrole -protons and meta-protons of 3¢’ and 3d’
around —21 and 9 ppm, respectively, suggests that 3¢’ and
3d’ are assignable to oxoiron(V) porphyrin complexes, not
oxoiron(IV) porphyrin si-cation radicals. Under these NMR
conditions, formation of a small amount of 2b and 2¢ was
observed (pyrrole - and meta-proton resonances: —67 and
35 ppm for 2b and —80 and 24 ppm for 2¢*¥). Though
the increase of electron-withdrawing ability of the porphyrin
substituents has been shown to cause an upfield shift of the
pyrrole fS-proton and meta-proton signals of oxoiron(IV)
porphyrin swt-cation radicals,? the chemical shifts of the pyr-
role B-protons and meta-protons of 3b’—d’, are almost the
same regardless of the electron-withdrawing ability of the
porphyrin substituent.

On the other hand, observation of two pyrrole £-proton
resonances at —44?* and —21 ppm (Fig. 9a) upon the oxida-
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Fig. 8. UV-vis spectral changes of 2a/3a’ for (a) lowering
temperature from —80 to —100 °C and (b) raising temper-
ature from —95 to —85 °C.

tion of 1a indicates the formation of two products, 2a (major
product) and 3a’ (minor product), consistent with the UV-
vis spectroscopic study. In a separate experiment, 2a pre-
pared in the absence of methanol gave the pyrrole -proton
resonance at —62 ppm.?¥ Upon the addition of methanol,
the signal at —62 ppm became less intense with concomitant
appearance of signals at —44 ppm. Thus, the resonance at
—44 ppm could have appeared as a major component due to
an interaction of 2a with methanol.

In our previous report, we attributed the coordination of
MeOH (or MeO™) to 2b to afford 3b.!® If this is the case,
observation of 2a and 3a’ even in the presence of meth-
anol could be rationalized by the equilibrium between the
methanol-bound oxoiron(V) porphyrin and the methanol-
unbound oxoiron(IV) porphyrin nt-cation radical. However,
as shown in Fig. 9a, we have observed two different res-
onances assignable to pyrrole S-protons of 2a in the pres-
ence of methanol. Moreover, the resonance at —62 ppm
was also observed for 2a in the absence of methanol as de-
scribed above. These results do not fit to a simple binding
mechanism like methanol-bound oxoiron(V) porphyrin and
methanol-unbound oxoiron(IV) porphyrin*".
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Fig. 9. Proton NMR spectra of (a) 2a/3a’, (b) 3b’, (c) 3¢/,
and (d) 3d’ in dichloromethane-d, containing 200 equiv of
methanol-d, at —90 °C. In (a), the signals at ca. 50 and ca.
20 ppm are assigned to the meta-H and ortho-methyl H of
2a’, respectively.n) In (b), (c), and (d), the signals of the
pyrrole -H and mera-H for iron(Ill) porphyrins can be seen
atca. 110 and ca. 10 ppm, respectively. The signals in high
field region in (d) except —21 ppm are now not assigned.

To understand the details of the roles of methanol in the
transformation of 2 to 3, NMR spectra of 2a and 3a’ in the
presence of methanol-d, were examined.>® Figure 10a de-
picts the deuterium NMR spectrum of a mixture of 2a and
3a’ in the presence of methanol-dy. Appearance of the para-
magnetically shifted resonance at 20 ppm allows us to assign
it to be the methyl deuterium of methanol (or methoxide)
ligated to the paramagnetic complex, 3a’. We have applied

ppm from TMS
Fig. 10. Deuterium NMR spectra of (a) 2a/3a’ in the pres-
ence of methanol-d, and (b) O=Fe" (tmp)*" in the presence
of methanol-ds at —90 °C.
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the same systems to O=Fe!¥(tmp)** prepared by C¢FsIO,
since O=Fe! (tmp)** is known to form even in the pres-
ence of methanol.” A resonance at 17.2 ppm in Fig. 10b
is readily assigned to the methyl signal of methanol bound
to O=Fe!V(tmp)*" as an axial ligand. The coordination of
methanol to O=Fe' (tmp)*" without changing its electronic
structure is indicative of similar binding of methanol to 2a,
consistent with our tentative assignment of the —44 ppm res-
onance to 2a interacting with methanol. These observations
can be rationalized by Eq. 5, expressing how the coordination
of methoxide anion (MeO™) only causes the transformation
of 2a to 3a’ and 2a can be observed as methanol ligated
and unligated forms. Considering that the resonance of the
methy! group of MeO™ bound to 3b appears at 25.6 ppm,'>
the resonance at 20 ppm in Fig. 10a is interpreted as the su-
perposed resonance of methanol derivative bound to 2a and
3a’ under chemical equilibrium.

I 1}

Erm = L T —Fe'—
Me(I)H Meé
-62 ppm -44 ppm -22 ppm
%)

Effects of Electron-Withdrawing Substituents on the
Reactivity of 3. The effects of electron-withdrawing
substituents bound to the meso-phenyl groups of the por-
phyrin ring on the reactivity of oxoiron(IV) porphyrin -
cation radical complexes have been studied using various
meso-substituted porphyrins.?? The results indicate that the
reactivity of the oxoiron(IV) porphyrin m-cation radicals is
dependent on their oxidation potentials. Therefore, we have
examined the substituent effects on the oxygenation of sty-
rene by 3’ formed by the addition of one equiv of CgFs1O.
As mentioned earlier, the use of one equiv of the oxidant
to prepare 3’ prevents reproduction of active species during
the oxygenation. At the same time, we have also examined
the oxygenation by oxoiron(IV) porphyrin st-cation radicals
(2a—d), which were synthesized by the reaction of 1-ClO,
with one equiv of oxidant in the absence of methanol.

On the other hand, the first oxidation potentials of 1a—d
were measured by cyclic voltammograms in dichlorometh-
ane containing 0.1 M TBAP. Reversible oxidation peaks for
1a—d were observed in the range from 1.0 to 1.5 V vs. SCE.
The half-wave oxidation potentials of 1a—d along with the
rate constants of the styrene oxygenation by 2 and 3’ are
summarized in Table 3.

Discussion

Electronic Structure of New Active Intermediates, 3
and 3.  Iron(Ill) porphyrin N-oxides, iron(Ill) porphyrin
dications, and oxoiron(IV) porphyrin nt-cation radicals have
been reported as high-valent iron porphyrins formally two-
electron oxidized from the iron(Ill) state. In this study we
have described the formation of new two-electron oxidized
oxoiron porphyrins, 3 and 3’, by the chemical oxidation of
iron(Ill) porphyrins in the presence of methanol under acidic
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Table 3. Eox of Chloro Iron(Il) Porphyrins and & for Sty-
rene Oxidation by High-Valent Oxo-Iron Porphyrins
Eox. k(10>M's™h
Porphyrin A% 3 2
tcmpp (a) 1.299 — —
tdepp (b) 1.35% 2.9 550
tefpp (c) 1.39 44 800
ttcpp (d) 1.44 4.7 1300

a) Fujii, J. Am. Chem. Soc., 115, 4641—4648 (1993).

and neutral conditions. The formulation of 3 is supported by
1odometric titration, UV-vis and NMR spectroscopic mea-
surements, thermal interconversion between 2 and 3, and
ability for oxygenation at —90 °C.

The UV-vis spectra of 3b and 3b’ (Figs. 1 and 2, Apax
418 and 546, and 418 and 532 nm, respectively) are different
from those of iron(Ill) porphyrin N-oxides (Apnax 441 and 547
nm in toluene for Fe™(tmp) N-oxide), iron(Ill) porphyrin
dications (Apax 412 nm in toluene for Fe™(tmp) dication),
and also different from both of ay, oxoiron(IV) porphyrin
st-cation radicals (Apax 409 and 681 nm in dichloromethane
for O=Fe!¥ (tdcpp)** (2b)) and a,, type complexes.>¥ Though
the spectrum of oxoiron(IV) porphyrin (4b) (Ay.x 419 and
543 nm in dichloromethane) is rather similar to those of 3b
and 3b’, oxygenation activity at —90 °C, thermal stability,
and oxidizing equivalents measured by iodometric titration
readily discriminate 3b and 3b’ from 4b. Especially, 4b is
observable even at 0 °C and does not react with olefins at low
temperature. Further, the magnetic moment (tes = 4.0 Uug)
of 3b provides evidence for the presence of three unpaired
electrons in 3b. These results indicate that 3b and 3b’ are
two-electron oxidized complexes from the resting state and
may not be the s-cation radicals, such as 2b.

The resonance of meta-deuterium in 3b was observed in
a diamagnetic region (8.8 ppm). Thus, the assignment of 3b
as an ap, radical species such as 2b is clearly excluded, be-
cause a large downfield shift for the meta-deuterium should
be observed for the ay, radical species due to the large m-
spin density on the meso-carbons in the ay, radical orbital,
as shown in Fig. 11b. While the signal in a diamagnetic re-
gion reminds us of the a;, radical species having a node at the
meso-carbons (Fig. 11a), the UV-vis spectrum of 3b is incon-
sistent with a;, oxoiron(IV) porphyrin n-cation radicals, as
already mentioned.”” Similar considerations are also appli-

(@)
aqy
Fig. 11.  Electron spin distribution of porphyrin HOMO: (a)
aiu, (b) Q.

Oxoiron(V) Porphyrin Complex

cable to 3b'. Furthermore, the pyrrole S-deuterium signals
of 3b at —35.1 ppm and 3b’ at ~22.9 ppm are less param-
agnetically shifted than that of 2b (—46.2 ppm) and rather
similar to 4b (—33.1 ppm). These results also suggest that
3b and 3b’ have a neutral porphyrin ring. Thus, the most
likely description for 3b is high spin complexes of either
O=Fe(tdcpp) or -O-Fe!¥(tdcpp). At this moment, we are
not able to differentiate the O=Fe" complex from an -O-Fe!¥
complex, thus we describe them as the O=Fe" complex for
simplicity. To gain further insight, resonance Raman and
Mossbauer measurements are planned.

Figure 4 depicts temperature dependent interconversion
between 2b and 3b. Favorable formation of 3b at lower tem-
peratures and observation of the paramagnetically shifted
methyl deuterium of methanol at 25.6 ppm (data not shown)
indicate that the ligation of methanol (or methoxide) to
2b altered its electronic structure to 3b.*® Though appre-
ciable UV-vis spectral change was not observed upon the
introduction of methanol to a dichloromethane solution of
O=Fe!V (tmp)*", ligation of methanol has been confirmed by
the appearance of the methyl resonance at 17.2 ppm. There-
fore, formation of both 2a and 3a’ in the same solution con-
taining methanol may not be simply attributed to the exclu-
sive ligation of methanol in 3a’. Ligation of methanol both
to 2a and 3a’ but in a different manner as shown in Eq. 6
seems to be rather likely.

On the basis of these considerations, both 3b and 3b’ can
be formulated as oxoiron(V) high spin porphyrins with the
methoxide ligand. So far, we could not explain why small
differences in UV-vis and NMR spectra were observed for
3b and 3b’. These differences are also reflected in the oxy-
genation activities of 3b and 3b’ (Table 2). One of the major
differences between 3b and 3b’ is that perchloric acid must
be formed in the course of 3b’ formation (Eq. 6) while very
weak m-chlorobenzoic acid is present in a solution of 3b.
Therefore, one may expect a hydrogen bond between the
oxo-oxygen and/or methanol-oxygen of the axial ligand in

C|04 (o]
| Fs-PhiO I
- ol — > —FgVmm HCIO,
MeOH
MeO (6)

3b’ and perchloric acid, because such a small difference in
the reaction conditions is known to cause spectral changes.*"
Further investigation is needed on the effects of acid.
Recently, Jayaraj et al. reported the influence of meso-sub-
stituents on the electronic states of oxoiron(IV) porphyrin -
cation radicals.'® In the report, oxoiron(IV) porphyrin -
cation radicals were the sole oxidation products under con-
ditions similar to ours, where iron(Ill) porphyrins with elec-
tron-withdrawing substituents were oxidized by peracid in
the presence of methanol. Therefore, we have examined
the same reactions using UV-vis spectroscopy. Figure 12(a)
shows the spectrum of the oxidation product given under
almost the same conditions as those reported by Jayaraj et
al. ([[Fem(tdcpp)](OCOCF3)]=1 mM; 4 equiv of mCPBA;
CH,Cl; : CD30D=10:1; —90 °C). Since the oxidation prod-
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Fig. 12. UV-vis spectra of the oxidation products under vari-
ous conditions: (a) [Fem(tdcpp)](triﬂuoroacetate) +4 equiv
of mCPBA in CH,Cl,/CD5;0D (10: 1) at —90 °C, (b) + 1.5
equiv of mCPBA, (c) + 1.5 equiv of mCPBA in CH,Cl, con-
taining 100 equiv of CD30D at —90 °C, (d) [Fem(tdcpp)]-
(OH) + 1.5 equiv of mCPBA in CH,;Cl, containing 100
equiv of CD30D at —90 °C, (e) (d) + 2 equiv of TFA.

uct has the same spectral characteristics reported by Jayaraj et
al., the formation of oxoiron(IV) porphyrin m-cation radical
(2b) is apparent. As described in the experimental section,
we have prepared high-valent oxo species with a small ex-
cess of oxidants (1—I1.8 equiv). Therefore, we have also
examined the reaction of Jayaraj et al. with 1.5 equiv of
mCPBA (Fig. 12(b)). In this case, the absorbance at 678
nm clearly decreased with concomitant appearance of ab-
sorption at ca. 520 nm. Then we did the oxidation in the
presence of only 100 equiv of CD3;0D with 1.5 equiv of
mCPBA (Fig. 12(c)). Surprisingly, new absorption was ob-
served around 540 nm. The addition of 100 equiv of styrene
to the solution caused the conversion of 540 nm species

Bull. Chem. Soc. Jpn., 71, No. 6 (1998) 1351

to iron(Ill) porphyrin as well as the oxoiron(IV) porphyrin
s-cation radical at —90 °C. Judging from these results, we
concluded that the 540 nm species was oxoiron(V) porphyrin
(3b) and 3b was not formed in the presence of a large amount
of peracid. We attribute the suppression of the oxoiron(V)
porphyrin formation to the coordination of peracid (acid) or
methanol instead of methoxide, the coordination of which is
crucial for the formation of oxoiron(V) porphyrin. As shown
in Fig. 12(d), the oxidation of [Fe™(tdcpp)](OH) by 1.5 equiv
of mCPBA in CH,Cl, containing 100 equiv of CD30D af-
forded 3b as the sole product at —90 °C, since the resulting
solution was almost neutral. Furthermore, the conversion
of 3b to oxoiron(IV) porphyrin s-cation radical (2b) was
observed upon the addition of 2 equiv of trifluoroacetic acid
(TFA) to the solution of (d) (Fig. 12(e)). These results are
summarized in Table 4, and indicate that the formation of
2 and 3 (and 3') is very dependent on reaction conditions,
especially the nature of the 6th ligand and acid.

Possible Mechanism for the Formation of Oxoiron(V)
Porphyrins. On the basis of the various spectroscopic
data for 3, it is clear that this complex has three unpaired
electrons on the iron-oxo unit (possibly only iron), not the
porphyrin ring. We credit the electron-withdrawing sub-
stituents on the porphyrin ring and the axial ligand for the
formation of 3 instead of 2. Introduction of electron-with-
drawing groups on the porphyrin ring is known to lower
the porphyrin orbital energy. For instance, a higher oxi-

dation potential of [Fe™(tdcpp)]*/[Fe™(tdcpp)* 12 (1.35 V)
than that of [Fe™(tmp)]*/[Fe™(tmp)**1?* (1.11 V)* suggests
that HOMO (ay,) energy of the chloro substituted complex
(Fe(tdcpp)) is 0.24 V lower than that of the methyl substi-

tuted complex (Fe™(tmp)) as shown in Figs. 13a and 13b.
Ligation of methoxide to 2b raises the d,, and d,, orbitals as
well as the d» orbital. These effects eventually turn upside
down the energy levels between the aj, orbital and the d,,
and d,, orbitals to form 3b (Fig. 13c). The idea is supported
by the result of the oxidation of 1(b—d)-ClO, by C¢FsIO in
the presence of methanol. While the preferable formations
of 3b’—d’ are observed, the oxidation of a less electron de-
ficient complex (1a-ClO,) afforded a mixture of 2a (major)
and 3a’ (minor). These results suggest that the electron-with-
drawing substituents on the porphyrin ring play two roles in
the formation of 3. One is lowering the m energy level of
the porphyrin ring, and the other is increasing methoxide

Table 4. Summary of Fig. 12

Products (total 100%)

Axial ligand of Quantity of
Symbol“) ferric complex added mCPBA Reaction condition 2b (%) 3b (%)
Ref. 16 CF3503~ 8 equiv in CH,Cl, : MeOH=10: 1 at —80 °C 100
(a) CF;CO0O™ 4 equiv in CH;Cl, : MeOH =10: 1 at —90 °C 100
© CF;C00™ 1.5 equiv in CH,C1,/100 equiv of MeOH at —90 °C ca. 509 ca. 509
(d) OH™ 1.5 equiv in CH,C1,/100 equiv.of MeOH at —90 °CY 100
(e) — — (d) + 2 equiv of TFA ca. 907 ca. 10°
a) Symbols for the spectra in Fig. 13. b) CH;Cl,/100 equiv of MeOH approximately corresponds to CH,Cl; : MeOH=300:1. c¢) These

ratios were determined by the decomposition of each spectrum into 2b (a) and 3b (d).
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Fig. 13. Orbital energy diagram for high-valent iron porphyrins: (a) O=Fe'Y(tmp)*", (b) 2b, (c) 3b, (d) 2a and 3a.

ligation rather than methanol to raise iron d orbitals. Once
the energy level between the ay, orbital of the porphyrin ring
and the d,, and d,; orbitals of the iron turns upside down,
transformation of 2 to 3 will be observed. In the case of 2a
and 3a’, less electron-withdrawing ability of the substituents
failed to complete the ligation of methoxide as shown in
Fig. 13d. So far, this proposed mechanism explains all the
results obtained in this study without contradiction.

Reactivity of Oxoiron(V) Porphyrins and Oxoiron(IV)
Porphyrin m-Cation Radicals. It has been known that
oxometalloporphyrin complexes are able to oxidize various
substrates observed in P-450 catalyzed reactions such as oxy-
genation of olefins (Eq. 7).*? Although kinetic studies of the
oxygenation catalyzed by metalloporphyrins have been done
by many groups, the direct comparison of reactivities be-
tween oxoiron(V) porphyrins (3) and oxoiron(IV) porphyrin
nt-cation radicals (2) has never been done except for our pre-
liminary study. Preparation of 2 and 3 now allows us to
examine the roles of porphyrin m-cation radicals in 2 in the
olefin oxygenation.

: _ : High-valent _ 0

iron-oxo species )

Thus, we have measured the rate constants of the oxy-
genation reactions by stoichiometric oxidation of olefins by
2 and 3 at —90 °C (Tables 2 and 3). Interestingly, 3 is
found to be less reactive than 2 in the oxygenation of olefins.
That one electron oxidation of either the porphyrin ring or
the central iron in an O=Fe'Y complex (4) has a different
reactivity could be explained as follows: while the st-cation
radical orbital (ay,) in 2 interacts with the p, orbital of the oxo
ligand through an iron p, orbital as well as the interactions
between iron d,, (dy,) and p, (py) of the oxo ligand, the iron
d,, orbitals of 3 do not interact with any of the oxo ligand
orbitals.?**» This implies that the radical character of the
oxo ligand in 3 is similar to that of 4, but the lack of one

electron from the d,, orbital makes 3 less electron rich than
4. Therefore, the reactivity of 3 is expected to be between
2 and 4. The observations indicate that the presence of
the porphyrin radical is crucial for the activation of the oxo
ligand.

That 3, with a higher oxidation potential porphyrin, is more
reactive as shown in Table 3 indicates the mechanism for oxy-
genation reaction by 3 involves the electrophilic character as
observed in the oxygenation by oxoiron(IV) porphyrin -
cation radicals. Thus, p-chlorostyrene is less reactive than
styrene. Interestingly, the relative rates of olefin oxygenation
by 2b and 3b are very close (Table 2). In addition, compet-
itive oxygenation of norbornylene and a-methylstyrene by
2b and 3b showed preferable oxidation of less hindered nor-
bornylene with almost identical selectivity (100 :30—35),
suggesting very similar oxygenation mechanisms by 2 and
3'34)

Implication of Biological Use of Porphyrin 5-Cation
Radicals. Heme enzymes such as peroxidases and cata-
lase are known to use two-electron oxidized intermediates,
called compound I. Many spectroscopic studies support the
formulation of compound I as an oxoiron(IV) porphyrin 7-
cation radical.*~!% In the case of P-450, the active species .
responsible for the monooxygenations are still obscure and
the subject of intensive investigations.!” While Champion
pointed out a possible description of -O-Fe(IV) (one ex-
treme structure of O=Fe(V)) as the active species of P-450,'%
Egawa et al. suggested formation of a compound I type in-
termediate on the basis of their rapid scan measurements.'®
There are two important conclusions from our studies; i)
UV-vis spectra of the O=Fe" complexes are almost identical
to those of O=Fe(IV) species, compound II. Therefore, one
must be very careful to assign compound II on the basis of
UV-vis spectroscopy. ii) O=Fe(V) porphyrins are less re-
active than the corresponding O=Fe(IV) porphyrin st-cation
radicals. The results are suggestive of the biological role of
porphyrin m-cation radicals in compound I of peroxidases,



T. Murakami et al.
catalase, and possibly in the active species of P-450.

This work was supported by a Grant-in-Aid for Scientific
Research on Priority Area, “Molecular Biometallics,” No.
08249107 from the Ministry of Education, Science, Sports
and Culture to Y. W. and I. M.

References

1) J. T. Groves, R. C. Haushalter, M. Nakamura, T. E. Nemo,
and B. J. Evans, J. Am. Chem. Soc., 103, 2884 (1981).

2) a)J. T. Groves and Y. Watanabe, J. Am. Chem. Soc., 108,
7836 (1986); b) J. T. Groves and Y. Watanabe, J. Am. Chem. Soc.,
110, 8443 (1988); c) Y. Mizutani, Y. Watanabe, and T. Kitagawa, J.
Am. Chem. Soc., 116, 3439 (1994).

3) a) H. Tsurumaki, Y. Watanabe, and I. Morishima, J. Am.
Chem. Soc., 115, 11784 (1993); b) Y. Watanabe, K. Takehira, M.
Shimizu, T. Hayakawa, H. Orita, and M. Kaise, J. Chem. Soc.,
Chem. Commun., 1990, 1262.

4) a) D. Dolphin, A. Forman, D. C. Borg, J. Fajar, and R.
H. Felton, Proc. Natl. Acad. Sci. U.S.A., 68, 641 (1971); b) T. G.
Traylor, W. A. Lee, and D. V. Stynes, J. Am. Chem. Soc., 106, 755
(1984); c) C. E. Schulz, R. Rutter, J. T. Sage, P. G. Debrunner, and
L. P. Hager, Biochemistry, 23, 4743 (1984); d) G. N. La Mar and J.
S. de Roppe, J. Am. Chem. Soc., 102, 395 (1980); ¢) G. N. La Mar,
J. S. De Roppe, K. M. Smith, and K. C. Langry, J. Biol. Chem.,
256, 237 (1981); f) J. E. Roberts, B. M. Hoffman, R. Rutter, and
L. P. Hager, J. Biol. Chem., 256, 2118 (1981); g) J. E. Roberts, B.
M. Hoffman, R. Rutter, and L. P. Hager, J. Am. Chem. Soc., 103,
7654 (1981); h) W. R. Patterson, T. L. Poulos, and D. B. Goodin,
Biochemistry, 34, 4342 (1995); 1) R. Makino, T. Uno, Y. Nishimura,
T. Iizuka, M. Tsuboi, and Y. Ishimura, J. Biol. Chem., 261, 8376
(1986).

5) a) A. Robert, B. Look, M. Momenteau, and B. Meunier,
Inorg. Chem., 30,796 (1991); b) W.-J. Chuang and H. E. Van Wart,
J. Biol. Chem., 267, 13293 (1992); c) D. Mansuy, M. Lange, and J.
C. Chottard, J. Am. Chem. Soc., 101, 6437 (1979).

6) D.Dolphin and R. H. Felton, Acc. Chem. Res., 7,26 (1974).

7) C. E. Schultz, P. W. Devaney, H. Winkler, P. G. Debrunner,
N. Doan, R. Chiang, R. Rutter, and L. P. Hager, FEBS Lett., 103,
102 (1979).

8) a) I. Morishima, Y. Takamuki, and Y. Shiro, J. Am. Chem.
Soc., 106, 7666 (1984); b) G. N. La Mar, V. Thanabal, R. D.
Johnson, K. M. Smith, and D. W. Parish, J. Biol. Chem., 264, 5428
(1989).

9) a) K.-J. Paeng and J. R. Kincaid, J. Am. Chem. Soc., 110,
7915 (1988); b) S. Hashimoto, Y. Mizutani, Y. Tatsuno, and T.
Kitagawa, J. Am. Chem. Soc., 113, 6542 (1991).

10) T. H. Moss, A. Ehrenberg, and A. J. Bearden, Biochemistry,
8, 4159 (1969).

11) a) R. Makino and Y. Ishimura, Taisha, 19, 27 (1982); b)
P. R. Ortiz de Montellano, in “Cytochrome P-450,” ed by P. R.
Ortiz de Montellano, Plenum Press, New York (1986), p. 217;¢) Y.
‘Watanabe, Shokubai, 32, 294 (1990); d) E. J. Mueller, P. L. Loida,

Bull. Chem. Soc. Jpn., 71, No. 6 (1998) 1353

and S. G. Sligar, in “Cytochrome P-450,” 2nd ed, ed by P. R. Ortiz
de Montellano, Plenum Press, New York (1995), p. 83.

12) For example: a) Y. Watanabe and J. T. Groves, in “The
Enzymes,” ed by P. D. Boyer and D. S. Sigman, Academic Press,
New York (1992), Vol. 20, pp. 405—452; b) B. Meunuier, Chem.
Rev., 92, 1411 (1992).

13) T. Egawa, H. Shimada, and Y. Ishimura, Biochem. Biophys.
Res. Commun., 201, 1464 (1994).

14) P. M. Champion, J. Am. Chem. Soc., 111, 3433 (1989).

15) K. Yamaguchi, Y. Watanabe, and 1. Morishima, J. Chem.
Soc., Chem. Commun., 1992, 1721.

16) K. Jayaraj, J. Terner, A. Gold, D. A. Roberts, R. N. Austin,
D. Mandon, R. Weiss, E. Bill, M. Miither, and A. X. Trautwein,
Inorg. Chem., 35, 1632 (1996).

17) J. S. Lindsey and R. W. Wagner, J. Org. Chem., 54, 828
(1989).

18) . Fajer, D. Borg, A. Forman, D. Dolphin, and R. H. Felton,
J. Am. Chem. Soc., 92, 3451 (1970).

19) Z.Gross and L. Kaustov, Tetrahedron Lett., 36, 3735 (1995).

20) H.Kobayashi, T. Higuchi, Y. Kaizu, H. Osada, and M. Aoki,
Bull. Chem. Soc. Jpn., 48, 3137 (1975).

21) C. A.Reed, T. Mashiko, S. P. Bentley, M. E. Kastner, W. R.
Scheidt, K. Spartalian, and G. Lang, J. Am. Chem. Soc., 101, 2948
(1979).

22) M. Schmeisser, K. Dahmen, and P. Satori, Chem. Ber., 100,
1633 (1967).

23) a) N. N. Schwartz and J. H. Blumbergs, J. Org. Chem., 29,
1976 (1964); b) L. S. Silbert, E. Siegel, and D. Swern, J. Org.
Chem., 27, 1336 (1962).

24) H. Fujii, J. Am. Chem. Soc., 115, 4641 (1993).

25) A. Gold, K. Jayaraj, P. Doppelt, R. Weiss, G. Chottard, E.
Bill, X. Ding, and A. X. Trautwein, J. Am. Chem. Soc., 110, 5756
(1988).

26) K. Yamaguchi, Y. Watanabe, and I. Morishima, J. Am. Chem.
Soc., 115, 4058 (1993).

27) D.F. Evans, J. Chem. Soc., 1959, 2003.

28) a) A. Gold, K. Jayaraj, P. Doppelt, R. Weiss, E. Bill, X-Q.
Ding, E. L. Bominaar, A. X. Trautwein, and H. Winkler, New J.
Chem., 13, 169 (1989); b) A. L. Balch, L. Latos-Grazynski, and M.
W. Renner, J. Am. Chem. Soc., 107, 2983 (1985).

29) a)G.N.LaMar, in “NMR of Paramagnetic Molecules,” ed
by G.N.LaMar, W.D. Horrocks, and R. H. Holm, Academic Press,
New York (1973), pp. 85—126; b) G. N. La Mar and A. Walker, in
“The Porphyrins,” ed by D. Dolphin, Academic Press, New York
(1978), Vol. 4, pp. 61—157.

30) Deuterium source is only methanol-d; in this solution.

31) Z.Gross and S. Nimri, Inorg. Chem., 33, 1731 (1994).

32) a)J.P. Collman, T. Kodadek, S. A. Raybuck, J. I. Brauman,
and I. M. Papazian, J. Am. Chem. Soc., 107, 4343 (1985); b) J. T.
Groves and Y. Watanabe, J. Am. Chem. Soc., 108, 507 (1986); ¢)
D. Ostovic and T. C. Bruice, Acc. Chem. Rev., 25, 314 (1992).

33) S. Ozawa, Y. Watanabe, and I. Morishima, J. Am. Chem.
Soc., 116, 5832 (1994).

34) K. Machii, Y. Watanabe, and 1. Morishima, J. Am. Chem.
Soc., 117, 6691 (1995). .




