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Abstract: The proximal axial ligand in
heme iron enzymes plays an important
role in tuning the reactivities of
iron(IV)-oxo porphyrin p-cation radicals in oxidation reactions. The present
study reports the effects of axial ligands in olefin epoxidation, aromatic
hydroxylation, alcohol oxidation, and
alkane hydroxylation, by [(tmp) + C
FeIV(O)ACHTUNGRE(p-Y-PyO)] +
(1-Y) (tmp =
meso-tetramesitylporphyrin, p-Y-PyO =
para-substituted pyridine N-oxides, and
Y = OCH3, CH3, H, Cl). In all of the
oxidation reactions, the reactivities of
1-Y are found to follow the order 1OCH3 > 1-CH3 > 1-H > 1-Cl; negative Hammett 1 values of 1.4 to 2.7
were obtained by plotting the reaction
rates against the sp values of the sub-

stituents of p-Y-PyO. These results, as
well as previous ones on the effect of
anionic
nucleophiles,
show
that
iron(IV)-oxo porphyrin p-cation radicals bearing electron-donating axial ligands are more reactive in oxo-transfer
and hydrogen-atom abstraction reactions. These results are counterintuitive
since iron(IV)-oxo porphyrin p-cation
radicals are electrophilic species. Theoretical calculations of anionic and neutral ligands reproduced the counterintuitive experimental findings and eluciKeywords: axial ligand effect ·
density functional calculations ·
enzyme models · porphyrinoids ·
two-state reactivity

dated the root cause of the axial ligand
effects. Thus, in the case of anionic ligands, as the ligand becomes a better
electron donor, it strengthens the
FeOH bond and thereby enhances its
H-abstraction activity. In addition, it
weakens the Fe=O bond and encourages oxo-transfer reactivity. Both are
Bell–Evans–Polanyi effects, however,
in a series of neutral ligands like p-YPyO, there is a relatively weak trend
that appears to originate in two-state
reactivity (TSR). This combination of
experiment and theory enabled us to
elucidate the factors that control the
reactivity patterns of iron(IV)-oxo porphyrin p-cation radicals in oxidation
reactions and to resolve an enigmatic
and fundamental problem.
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High-valent iron(IV)-oxo porphyrin species have been implicated as key intermediates in the catalytic cycles of heme
iron enzymes, such as cytochromes P450, peroxidases, and
catalases.[1] In these enzymes, proximal axial ligands are
thought to play an important role in tuning the reactivities
of iron(IV)-oxo porphyrin p-cation radicals, referred to as
compound I (Cpd I).[2] In particularly, it has been proposed
for thiolate-ligated enzymes that the electron donation from
the axial ligand to the iron center increases the basicity of
the iron-oxo group, thereby allowing a hydrogen atom to be
abstracted from CH bonds by Cpd I under mild conditions.[2b] This is an important hypothesis, which might explain the high reactivity of cytochrome P450 in CH bond
activation reactions. Thus, according to this hypothesis, one
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should expect that an increase in the electron donation
property of the axial ligand will result in enhanced reactivity
in CH hydroxylation. This is, however, a counterintuitive
reactivity trend for an essentially electrophilic species. In addition, it is not clear how this hypothesis would account for
the axial ligand effect in oxo-transfer reactions (e.g., the oxidation of sulfides and phosphines), wherein the ferryl basicity effect is not really apparent. These questions are the
focus of the present study that combines experimental and
theoretical approaches to elucidate the effects of both
anionic ligands, such as thiolate, and neutral ones, such as
pyridine N-oxide, on the reactivities of model Cpd I complexes.[3–5]
A brief review of the current status of axial ligand effects
in heme and nonheme systems is present in Figure 1, which
schematizes the various available reactivity patterns. Thus,
the reactivity of the nonheme iron(IV)-oxo complex,
[(tmc)FeIV(O)(X)]n + (tmc = 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane), is affected by the nature of anionic
axial ligands (X) in opposite manners depending on the reaction types (Figure 1, left).[6] As can be seen, oxo-transfer
reactivity correlates with the electrophilicity of the oxidant
and is enhanced by electron-withdrawing ligands, whereas
H-atom abstraction reactivity follows the opposite trend and
is enhanced by electron-donating ligands. This dichotomy
was theoretically interpreted based on the fact that nonheme iron(IV)-oxo reagents possess two closely lying spin
states, a ground state with a triplet spin state (T), and a lowlying quintet spin state (Q). As such, the inverted reactivity
in H-atom abstraction was ascribed to the increased contribution of the more reactive quintet state (e.g., blending of
the triplet and quintet states or faster spin crossover for the
better donor ligand).[7] By contrast, in the analogous ruthenium(IV)-oxo complexes, [(tmc)RuIV(O)(X)]n + (Figure 1,
middle), in which the ground state is triplet and the quintet
state is high lying showed that both reaction types were enhanced by electron-withdrawing ligands, in line with the increased electrophilicity of the Ru-oxo reagent.[8] Hence the
electrophilic-reactivity trend in these complexes was shown
to be an outcome of a single spin state reactivity, which is
quite different from the iron reagent that proceeds through
two-state reactivity (TSR).[3c] We note that the FeO–H bond

Figure 1. Schematic drawings showing the axial ligand effects on the reactivities of [(tmc)FeIV(O)(X)]n + (left), [(tmc)RuIV(O)(X)]n + (middle), and
[(tmp) + CFeIV(O)(X)] + (X = p-Y-PyO) (right) in oxo-transfer (red line)
and H-atom abstraction (blue line) reactions.
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strengths in the [(tmc)FeIV(O)(X)]n + series were found to
be constant,[7] and hence, the basicity of the ferryl could not
possibly control these reactivity trends.
In heme systems, Cpd I species are known to carry out a
variety of oxygenation processes.[3–5] So far, mostly anionic
X ligands were investigated and found to exert a significant
effect on the reactivity of Cpd I models (Figure 1, right).[4]
For example, [(Por) + CFeIV(O)(Cl)] (where Por is meso-tetrakis(pentafluorophenyl)porphyrin) is 650 times more reactive
than [(Por) + CFeIV(O)ACHTUNGRE(CF3SO3)] in cyclohexane hydroxylation, which indicates that the activation of CH bonds is
markedly dependent on the anionic axial ligands of iron-oxo
porphyrin oxidants.[4b] The axial ligand effects in heme iron
models have, however, been less systematically investigated
compared with the non-heme iron(IV)- and ruthenium(IV)oxo complexes.[6–8] We therefore decided to complete this
missing part of the puzzle by investigating the axial ligand
effects with iron(IV)-oxo porphyrins bearing neutral parasubstituted pyridine N-oxides in oxo-transfer and H-atom
abstraction reactions and to discover the reactivity patterns
that can establish the conditions for the dominance of the
basicity hypothesis[2b] or of the TSR notion of reactivity[3c] in
a given case. We hereby report that iron(IV)-oxo porphyrins
bearing electron-donating axial ligands are more reactive in
the oxo-transfer and H-atom abstraction reactions (Figure 1,
right); the reactivity trends are different from those of nonheme iron(IV)- and ruthenium(IV)-oxo complexes.[6, 8] The
present results, as well as those previously obtained for
anionic X ligands,[4b] are interpreted by using DFT calculations. This combination of experiment and theory enables us
to shed light on the control of the reactivity patterns of
iron(IV)-oxo porphyrin p-cation radicals in oxygenation reactions either by TSR or by basicity of the iron-oxo reagent.

Results and Discussion
Iron(IV)-oxo porphyrin p-cation radicals bearing p-substituted pyridine N-oxides (p-Y-PyO), [(tmp) + CFeIV(O)ACHTUNGRE(p-YPyO)] + (1-Y) (tmp = meso-tetramesitylporphyrin; Y =
OCH3, CH3, H, Cl) were prepared by literature methods:[4a,c]
[FeIIIACHTUNGRE(tmp)]ACHTUNGRE(CF3SO3) was treated with 5 equivalents of p-YPyO, followed by the bubbling of ozone gas slowly through
a solvent mixture of CH3CN and CH2Cl2 (9:1) at 40 8C
(see Figure 2 a for UV/Vis spectra). Compound 1-Y was
then employed to perform various oxidation reactions, such
as olefin epoxidation, aromatic hydroxylation, alcohol oxidation, and alkane hydroxylation. First, olefin epoxidation by
1-Y was examined. Upon the addition of cyclohexene to 1Y, the intermediate reverted back to the starting ironACHTUNGRE(III)
porphyrin complex with clear isosbestic points at 475 and
548 nm and showed pseudo-first-order decay as monitored
by a UV/Vis absorption spectroscopy (Figure 2 b). Pseudofirst-order fitting of the kinetic data allowed us to determine
kobs values and the pseudo-first-order rate constants were
seen to increased proportionally with the substrate concentration and allowed us to determine second-order rate con-
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stants (see Table S1, Supporting Information). Product analysis of the reaction mixture revealed that cyclohexene oxide
was produced in high yields (~ 50 % based on 1-Y generated) and the product distribution was not affected by the
axial ligands and reaction temperatures.[4b, 9] Interestingly, by
plotting the rates as a function of the sp values of the substituents of p-Y-PyO, a good linear correlation was obtained
with a negative Hammett 1 value of 2.6(2) (Figure 2 c).
The latter result indicates that iron(IV)-oxo porphyrin pcation radicals with electron-donating axial ligands are more
reactive towards olefin epoxidation.

Figure 2. a) UV/Vis spectra of [FeIIIACHTUNGRE(tmp)]ACHTUNGRE(CF3SO3) (0.20 mm) (blue line),
[FeIIIACHTUNGRE(tmp)]ACHTUNGRE(CF3SO3) + 5 equivalents of p-CH3-PyO (black line), and
[(tmp) + CFeIV(O)(p-CH3-PyO)] + (1-CH3) (red line). b) UV/Vis spectral
changes of 1-CH3 (0.2 mm) upon the addition of 10 equivalents of cyclohexene at 40 8C. The inset shows the time course of the decay of 1-CH3
monitored at 663 nm. c) Plot of log k2 of 1-Y against sp of the substituents of p-Y-PyO in the epoxidation of cyclohexene.

The axial ligand effect was also investigated in aromatic
hydroxylation, where an initial electrophilic attack on the psystem of the aromatic ring by iron(IV)-oxo porphyrin pcation radicals was proposed by experimental and theoretical studies.[10] The reaction of 1-Y with naphthalene afforded
pseudo-first-order decay and the second-order rate constants
were determined by varying the naphthalene concentration
(Table S1). By plotting the second-order rate constants as a
function of sp of the substituents of p-Y-PyO, a negative
Hammett 1 value of 2.7(2) was obtained (Figure S1a).
Similarly, a negative Hammett 1 value of 2.0(3) was obtained in the oxidation of benzyl alcohol by 1-Y (Figure S1b; see also Table S1 for second-order rate constants),
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where the oxidation of alcohols by iron(IV)-oxo porphyrin
p-cation radicals was proposed to occur by an a-CH hydrogen-atom abstraction, followed by electron transfer.[11] We
therefore concluded that reactivities of iron(IV)-oxo porphyrin p-cation radicals are enhanced by electron-donating
axial ligands in aromatic hydroxylation and alcohol oxidation reactions as well as in olefin epoxidation.
We then investigated the reactivities of 1-Y in alkane hydroxylation reactions with substrates such as xanthene, 9,10dihydroanthracene (DHA), fluorene, and ethylbenzene
(PhEt). In all of the reactions, we observed pseudo-firstorder decay of 1-Y and were able to determine second-order
rate constants (Table S1). The product analysis revealed the
formation of good amounts of products, as reported in Hatom abstraction reactions by iron(IV)-oxo porphyrins.[12]
Firstly, we observed that the rate constants decreased with
an increase in the CH bond dissociation energy (BDE) of
the
substrates
(xanthene,
75.5 kcal mol1;
DHA,
1
77 kcal mol ; fluorene, 80 kcal mol1),[13] and a good linear
correlation with a slope of 0.43 was observed when the log
k2’ values were plotted against the CH BDE values of the
substrates (the k2 values are divided by the number of
equivalent target CH bonds of the substrates to obtain the
k2’ values; Figure S2). This result indicated that the H-atom
abstraction is the rate-determining step for the CH bond
activation of alkylaromatics.[14] Secondly, when the rates
were plotted against the sp values of the substituents of p-YPyO, a negative Hammett 1 value of 1.4(2) was obtained
in the reaction of xanthene (Figure S1c). This result demonstrates that the more electron-donating the axial ligand is,
the more reactive the iron-oxo porphyrin species becomes
in CH bond activation reactions. Furthermore, the kinetic
isotope effect (KIE) value of 6.5(3) was determined in the
oxidation of xanthene by 1-CH3 (Figure S3) and this value is
lower than that determined in the reactions of iron(IV)-oxo
complexes of heme and non-heme ligands (e.g., KIE values
of ~ 20).[6, 12] We also observed the dependence of the KIE
values on the axial ligands (e.g., p-Y-PyO; Y = OCH3, CH3,
H, Cl), and obtained KIE values in the range of 4.7–10
(Table S2). In fact, the plot of KIE values against the sp
value of the substituents of p-Y-PyO afforded a good linear
correlation with a positive slope of 0.62 (Figure 3). Thus, the
KIE values indicate that the more electron donating the Y
group in 1, the less advanced the transition state in terms of
CH cleavage, following similar observations from calculations on CH hydroxylation by P450.[15] Finally, the axial
ligand effect of 1-Y was investigated in the hydroxylation of
PhEt (Table S1 for second-order rate constants),[16] and a
negative Hammett 1 value of 1.8(2) was obtained by plotting rates against sp values of the substituents of p-Y-PyO
(Figure S1d). Thus, as observed in olefin epoxidation, aromatic hydroxylation, and alcohol oxidation, iron(IV)-oxo
porphyrin p-cation radicals bearing more electron-donating
axial ligands show greater reactivities in CH bond activation reactions. In all of the above processes, however, the
range of reactivity from the most electron-donating substituent to the most electron-withdrawing one is only 10-fold or
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Figure 3. Plot of logKIE of 1-Y against sp of the substituents of p-Y-PyO
in the oxidation of xanthene by [(tmp) + CFeIV(O)ACHTUNGRE(p-Y-PyO)] + .

so. This trend can be contrasted with the effect of anionic ligands in the same reaction types, which was found to be
over 650-fold.[4b] As such, this study raises the following fundamental questions: a) Why is the reactivity effect in anionic ligands so much larger than in the neutral p-Y-pyridine Noxide ligands? b) What are the origins of the observation
that oxygenation reactivity of iron(IV)-oxo porphyrin pcation radicals increases as the p-substituent of the pyridine
N-oxide ligand becomes more electron donating? c) How
are these trends associated with TSR and/or with the basicity hypothesis? These questions were tackled with the help
of DFT calculations.
Theoretical studies: The DFT calculations were carried out
for the following two systems; a) the reaction of [(Por) + C
FeIV(O)(X)] with cyclohexane in an H-abstraction reaction,
where X = CF3SO3, Cl, AcO, HO, and b) the reaction
of [(tmp) + CFeIV(O)ACHTUNGRE(p-Y-PyO)] + (Y = Me, Cl) with PhEt.
The calculations employed the B3LYP functional using a
previously published procedure,[7] as described in the Computational Methods Section. The key results at the B3LYP/
B2 level are described here and the full details and results
are given in the Supporting Information.
The first set of calculations showed that the anionic ligand
had a very significant effect on hydrogen abstraction from
cyclohexane, as observed in experiment.[4b] Thus, the total
difference in activation barriers from X = CF3SO3 through
to X = HO was 13 kcal mol1 or more. This was observed
for the two spin states of Cpd I; the doublet and quartet
spin states. Therefore, the computed reactivity patterns
clearly follow the electron-donating power of the axial ligands as experimentally observed.[4b]
To understand the underlying factors of this pattern, a
plot of the computed activation barriers for H-abstraction
from cyclohexane against the BDEACHTUNGRE(FeOH) of the OH
bond, formed during H-abstraction by Cpd I, is shown in
Figure 4. It is seen that the correlation is linear, as predicted
by the Bell–Evans–Polanyi (BEP) principle[17] and found extensively in experimental systems by Mayer.[13, 14a] Clearly, as
the axial ligand becomes a better electron donor, the newly
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Figure 4. Activation energies for H-abstraction from cyclohexane versus
BDEACHTUNGRE(FeOH) of the OH bond formed during the process. * = doublet, ~ = quartet.

formed FeOH bond becomes exceedingly stronger. But
what is the factor that is responsible for the bond strength
variation itself ? Based on thermochemical cycles,[2b, 13, 14a] the
BDEACHTUNGRE(FeOH) can be expressed as follows by using the
common expression in solvent [Eq. (1)] and the less
common in the gas phase [Eq. (2)]:
BDEðFeOHÞsolv ¼ 23:06E0 ðCpd IÞ þ 1:37 pK a ðCpd IIÞ þ 57
ð1Þ
BDEðFeOHÞgas ¼ EAðCpd IÞ þ DGacid ðCpd IIÞ þ IPðHÞ
ð2Þ
In Equation (1), E0 is the one-electron reduction [eV] of
Cpd I and pKa is the acidity constant leading to the reduced
Cpd I, namely Cpd II, plus a proton. The value of
57 kcal mol1 is the standard hydrogen electrode potential.
This equation is a measure of the basicity of Cpd II. Similarly, in Equation (2), EA is the electron affinity of Cpd I,
DGacid is dissociation energy of FeOH to Cpd II and a
proton, and IP(H) is the ionization potential of the H atom.
This equation is the measure for the gas phase basicity of
Cpd II.
Is it the electron affinity of Cpd I (the reduction potential) or the proton basicity of the Cpd II species, [(Por)FeIV(O)(X)], that dominates the BDEACHTUNGRE(FeOH)] value? The
calculations revealed a lesser correlation with the Cpd I
electron affinity (Figure S4), but the basicity of Cpd II gave
a good correlation (Figure S5). It follows, therefore, that the
variation of BDEACHTUNGRE(FeOH) is primarily controlled by the
variation in the basicity of Cpd II. Thus, whereas the reactivity exhibits TSR, the differentiating factor of the anionic
axial ligand on reactivity is exerted through the basicity of
Cpd II, as postulated by Green et al.[2b, 18]
The basicity, however, does not account for the reactivity
patterns in oxo-transfer reactions (e.g., epoxidation, sulfoxidation, etc). To understand the observed trends in these reactions, we computed the effect of the anionic axial ligand
on BDEACHTUNGRE(Fe=O). Figure 5 a shows that there is an inverse re-
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lationship between BDEACHTUNGRE(Fe=O) and BDEACHTUNGRE(FeOH), whereas Figure 5 b shows that, as the ligand becomes a better electron donor, the Fe=O bond becomes weaker. For X =

Figure 5. a) BDE of Fe=O versus BDE of FeOH (the respective bond
dissociations to the most stable spin states). b) BDE of Fe=O versus electron affinities of axial-ligand radicals.

CF3SO3 through to X = HO, the BDE difference was
15 kcal mol1. Therefore, as the anionic ligand in Cpd I becomes a better electron donor, it exerts two effects: i) it
strengthens the FeOH bond and thereby enhances H-abstraction activity and ii) it weakens the Fe=O bond and
thereby encourages oxo-transfer reactivity. Both are
straightforward BEP effects.[13, 14a, 17]
The second set of calculations for [(tmp) + CFeIV(O)ACHTUNGRE(p-YPyO)] + with PhEt also gave the familiar TSR with two
closely lying doublet (LS) and quartet (HS) profiles, as
shown in Figure 6 a.[3c] It can be seen that the barriers in the
HS or LS profiles are rather close for both substituents in pY-PyO, where Y = Me and Cl. This is in agreement with the
experimental results for H-abstraction from PhEt (Table
S1), which show that the relative rates for p-Me/p-Cl is only
about 5, corresponding to less than 0.8 kcal mol1 in barrier
differences. To ascertain the root cause of the close relative
reactivities, we calculated the BDEACHTUNGRE(FeOH). At the highest
computational level (Table S9), the BDE values were virtually identical, 88.6 kcal mol1 (p-Me) and 88.4 kcal mol1 (pCl), in line with the experimentally observed small reactivity
differences. In this case, the two components of BDEACHTUNGRE(FeO
H) [Eq. (2)] are mutually and inversely dependent leading
to the calculated constancy of BDEACHTUNGRE(FeOH). It is clear that
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Figure 6. a) Reaction profiles and b) TSs on doublet (LS) and quartet
(HS) of H-abstraction of ethylbenzene by [(tmp) + CFeIVOACHTUNGRE(p-Y-PyO)] + .

the BEP principle is not at work[17c,d] and the correlation
with either component will be meaningless.
Still, however, if the FeOH bond strength does not respond to the electron-donating/withdrawing character of the
ligand, why does the experimentally observed pattern for
the p-Y-PyO ligands follow the same direction as that observed for anionic ligands? Here we need a word of caution:
the accuracy of theoretical barriers is not sufficient to distinguish cases with such close reactivity as observed in experiments. With this caveat in mind, we can try to see if theory
can give us any insight into the experimental observations.
Thus, it is evident from Figure 6 a that the barriers for the
HS process for the two substituents are either identical or in
the wrong direction and, hence, in mismatch with experimental trends. As such, we certainly cannot invoke a singlestate reactivity on the HS surface as being the factor behind
the observed data. We note, however, that the LS 2TSH species exhibits a small preference for the p-Me substituent
over p-Cl and therefore the observed trend may be rooted
in TSR.[3c, 5a, 19] We may therefore consider a TSR scenario
wherein the reactions start on the HS surface and cross over
to the LS state, and either passes through 2TSH on the LS
state or proceeds by a blended reactivity, passing mostly
through 2TSH with some fraction of 4TSH ; a fraction that is
larger for the donor substituents. The data for the first scenario is apparent from Figure 6 a. Here the net LS barrier
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(in solution) is greater for p-Cl than for p-Me by 0.47 kcal
mol1 at the highest level (basis set B2) that includes ZPE,
thermal, and solvation correction. If we allow for blending
of the 4TSH path in a manner that depends on the
2
TSH–4TSH gap, the effective barrier difference will be somewhat larger. Thus, while we cannot find a clear reason why
the TSR barriers follow the observed experimental trend,
we can say that the observed small rate enhancement by the
electron donor substituents cannot be rooted in a single
state HS reactivity (since the 4TSH species in Figure 6 a exhibit, if at all, an opposite trend), but it can originate if the
LS path is followed after crossover from the HS ground
state of Cpd I. Since the HS–LS difference for the Cpd I reactant does not depend on the p-Y substituents, then this
small reactivity difference must arises from the energy difference of the 2TSH species for the two cases. These species
shown in Figure 6 b exhibit tiny geometric differences, for
example, in the extent of CH bond cleavage and in the
FeOPy bond lengths, which are slightly longer for the p-Cl
species. There might be other less visible deformations and
one way to assess the feasibility of this factor is to calculate
the total deformation energies (DEdefACHTUNGRE(tot)) in the two 2TSH
species, where DEdefACHTUNGRE(tot) is the sum of the deformation of
the Cpd I and PhEt moieties relative to their ground states.
In doing so, we find that the 2TSHACHTUNGRE(p-Me) has a lower deformation energy than the 2TSHACHTUNGRE(p-Cl) by 0.2 kcal mol1 in the
gas phase, which is approximately equal to the computed
gas-phase barrier difference of the two reactions on the LS
surface. We may therefore cautiously conclude that the
small preference for the TSR reactivity of [(tmp) + CFeIV(O)ACHTUNGRE(p-Me-PyO)] + over [(tmp) + CFeIV(O)ACHTUNGRE(p-Cl-PyO)] + in H-abstraction from PhEt originates in the lower deformation
energy required to reach the transition state, augmented by
solvation contribution.
While we have not calculated other reactions, we may still
note that oxo-transfer reactions, such as sulfoxidation, proceed through LS TSs[21] and in general C=C epoxidation and
aromatic hydroxylation[10, 22] all have lower lying LS TSs, as
in the case shown in Figure 6 a. Therefore, within the aforementioned caveat of computational accuracy, the TSR scenario might provide a rationale for the observed reactivity
patterns in the present study.

ing two axial ligand effects in oxygenation reactions by
heme-based Cpd I species.

Conclusion

Instrumentation: UV/Vis spectra were recorded on a Hewlett Packard
8453 spectrophotometer equipped with a circulating water bath or with
an Optostat variable-temperature liquid-nitrogen cryostat (Oxford instruments) at 0 8C. Ozone was generated by electric discharge of oxygen gas
with an O1 (Pacific Ozone) and used without further purification. Product analysis was performed with an Agilent Technologies 6890N gas chromatograph equipped with a FID detector (GC) and Thermo Finnigan
(Austin, Texas, USA) FOCUS DSQ (dual stage quadrupole) mass spectrometer interfaced with Finnigan FOCUS gas chromatograph (GC-MS).
EPR spectra were obtained on a JEOL JES-FA200 spectrometer.
1
H NMR spectra were measured with Bruker DPX-250 spectrometer.

This paper presents experimental and theoretical results on
the axial ligand effects of iron(IV)-oxo porphyrin p-cation
radical species in oxo-transfer and H-atom abstraction reactions, such as olefin epoxidation, aromatic hydroxylation, alcohol oxidation, and alkane hydroxylation. We found that
iron(IV)-oxo porphyrin p-cation radicals bearing electrondonating axial ligands are more reactive in the oxo-transfer
and hydrogen-atom abstraction reactions. This finding was
reproduced by DFT calculations for a series of anionic axial
ligands and two neutral p-Y-PyO ligands. The combination
of experiment and theory enabled us to elucidate the follow-
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a) In a series of anionic axial ligands, as the ligand becomes
a better electron donor, it leads to the following two effects: i) it strengthens the FeOH bond and thereby enhances H-abstraction activity and ii) it weakens the Fe=
O bond and encourages oxo-transfer reactivity. Both are
straightforward BEP effects.[13, 14a, 17]
b) In contrast, in a series of neutral ligands with probe substituents, such as p-Y-PyO, there is a relatively weak
trend that appears to be an outcome of TSR.[3c, 19]

While Natures selection of thiolate in P450 enzyme belongs
to the effect in a), this is not generally the dominant factor
since, in addition, to the two effects (a and b) there is an
electrophilicity-dominated trend that is expressed through
TS stabilization, as outline recently in the H-abstraction
from N,N-dimethylanilines.[17c] The last effect opposes the
other two and hence generates the rich reactivity patterns
observed so far. The recent modelling of CH activation by
Cpd I incorporates all the effects in a single model of barrier
formation.[17c]

Experimental and Computational Methods
Materials: Commercially available reagents were of the best available
purity and were used without further purification unless otherwise noted.
Acetonitrile (CH3CN) and dichloromethane (CH2Cl2) were dried according to the literature procedures and distilled under Ar prior to use.[23]
Pyridine N-oxide and its derivatives were obtained from Aldrich Chemical Co. and used without further purification. m-Chloroperbenzoic acid
(m-CPBA) was purified by washing with phosphate buffer (pH 7.4) followed by water and then dried under reduced pressure.[24] [FeIIIACHTUNGRE(tmp)]Cl
was purchased from Frontier Scientific Inc. (Logan, UT, USA). [FeIIIACHTUNGRE(tmp)]ACHTUNGRE(CF3SO3) was prepared by stirring equimolar amounts of [FeIIIACHTUNGRE(tmp)]Cl and AgCF3SO3, followed by filtration through a 0.45 mm filter;
the resulting solution was used immediately. The deuterated substrate,
xanthene-d2, was prepared by taking xanthene (0.5 g, 2.7 mmol) in
[D6]DMSO (3 mL) along with NaH (0.2 g, 8.1 mmol) under an inert atmosphere.[25] After the deep red solution was stirred at room temperature
for 8 h, the reaction was quenched with D2O (5 mL). The crude product
was filtered and washed with copious amounts of H2O. 1H NMR confirmed > 99 % deuteration.

Kinetics studies: Reactions were followed by monitoring UV/Vis spectral
changes of reaction solutions at 40 8C. All reactions were run, at least,
in triplicate and the data reported represents the average of these reactions. Iron(IV)-oxo porphyrin p-cation radicals bearing p-substituted pyridine N-oxides (p-Y-PyO), [(tmp) + CFeIV(O)ACHTUNGRE(p-Y-PyO)] + (1-Y) (Y =
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OCH3, CH3, H, Cl) were prepared by literature methods: [FeIIIACHTUNGRE(tmp)]ACHTUNGRE(CF3SO3) was treated with 5 equivalents of p-Y-PyO, followed by the
bubbling of ozone gas slowly into a solvent mixture of CH3CN and
CH2Cl2 (9:1) at 40 8C[4b, 26] or by reacting with 1.1 equivalents of mCPBA in a solvent mixture of CH3CN and CH2Cl2 (9:1) at 40 8C.[4c] The
formation of the iron-oxo intermediates was confirmed by UV/Vis and
EPR spectroscopies. Subsequently, appropriate amounts of substrates
were added to the reaction solutions. After the completion of reactions,
pseudo-first-order fitting of the kinetic data allowed us to determine kobs
values. Product analysis was performed with [(tmp) + CFeIV(O)ACHTUNGRE(p-Y-PyO)] +
(1-Y) (2 mm) and cyclohexene (0.2 m) at 40 and 80 8C by injecting the
reaction solutions directly into GC and GC-MS. Products were identified
by comparing retention times and mass patterns to those of known authentic samples. Cyclohexene oxide (52 %) was formed as a major product with small amounts of cyclohexenol (< 4 %) and cyclohexenone (<
5 %). Product yields were determined by comparison against standard
curves prepared with authentic samples and by using decane as an internal standard.
The spin states of [(tmp) + CFeIV(O)] + , [(tmp) + CFeIV(O)ACHTUNGRE(p-H-PyO)] + , and
[(tmp) + CFeIV(O)ACHTUNGRE(p-Cl-PyO)] + intermediates were determined using the
modified 1H NMR Evans method at 40 8C.[27] The magnetic moments
(mB) calculated were 4.6, 4.7, and 4.6 B.M. for [(tmp) + CFeIV(O)] + , [(tmp) +
CFeIV(O)ACHTUNGRE(p-H-PyO)] + , and [(tmp) + CFeIV(O)ACHTUNGRE(p-Cl-PyO)] + , respectively.
These mB values indicate that the spin-states of all intermediates measured are high-spin S = 3/2 states at 40 8C.
Computational methods: All computations were carried out using the
B3LYP functional.[28] The geometries were optimized with the double-z
LACVP basis set (B1),[29] followed by single-point energy correction with
larger basis set B2. In the activation energy calculations for [(Por) +
CFeIV(O)(X)] systems, our B2 basis set was: LACV3P + * for iron, 6-311 +
G* for electronegative atoms,[30] and 6-31G* for C and H atoms. In all
BDE calculations, B2 was the same as described above except the H
atom in FeOH moiety, for which 6-311 + + G** was used. For activation
energy calculations of the [(tmp) + CFeIV(O)ACHTUNGRE(p-Y-PyO)] + reactions, B2 is
same as above except for the use of 6-311G** for all C and H atoms.
Transition states and optimized minima were characterized by frequency
calculations as having one and zero imaginary vibrational models, respectively. The solvent effect was computed with the polarizable continuum
model (PCM) calculation in Gaussian03 program[31] with two cavity
building models; the United Atom models of UAHF and UAKS. Acetonitrile was used as the solvent in the PCM calculation. An additional
sphere on the transferred H atom was added in the cavity building of
PCM calculation. Our energies include ZPE and thermal corrections (at
40 8C), but not entropic corrections due to loss of rotational and translation degrees of freedom, which are overestimated by current programs
and assume a complete loss of these degrees of freedom.
Due to the spin contamination of the doublet state, we applied the Yamaguchis spin projected correction[32] for our calculated energy of the
symmetry-broken doublet state as shown below:
Es ¼ ðEC aESþ1 Þ=ð1aÞ, a ¼ ½< S2 > C sðsþ1Þ=2ðsþ1Þ

ð3Þ

EC is the spin-contaminated energy for doublet state, ES+1 is the energy
for quartet state (it has only small spin contamination), < S 2 > C is the
calculated spin expectation value of the spin-contaminated doublet state.
The reliability of EA(X) calculations was verified against experimental
values.[33–36]
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