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An Iron(IV)-oxo heme(+•) complex (Compound I, Cpd I) is the proposed active species of heme enzymes such as the
cytochromes P450 and is elusive; therefore, biomimetic studies on active site mimics give valuable insight into the
fundamental properties of heme active species. In this work we present density functional theory (DFT) calculations on
substrate hydroxylation by a Compound I mimic [FeIVdO(Por+•)Cl] and its one-electron reduced form [FeIVdO(Por)-
Cl]-. Thus, recent experimental studies showed that [FeIVdO(Por)Cl]- is able to react with substrates via hydride
transfer reactions [Jeong, Y. J.; Kang, Y.; Han, A.-R.; Lee, Y.-M.; Kotani, H.; Fukuzumi, S.; Nam, W. Angew. Chem.,
Int. Ed. 2008, 47, 7321-7324]. By contrast, theoretical studies on camphor hydroxylation by these two oxidants
concluded that the one-electron reduced form of Compound I is a sluggish oxidant of hydroxylation reactions [Altun, A.;
Shaik, S.; Thiel, W. J. Am. Chem. Soc. 2007, 129, 8978-8987]. To resolve the question why the one-electron reduced
Compound I is an oxidant in one case and a sluggish oxidant in other cases, we have performed a DFT study on 10-
methyl-9,10-dihydro acridine (AcrH2) hydroxylation by [FeIVdO(Por+•)Cl] and [FeIVdO(Por)Cl]-. The calculations
presented in this work show that both [FeIVdO(Por+•)Cl] and [FeIVdO(Por)Cl]- are plausible oxidants, but [FeIVdO-
(Por+•)Cl] reacts via much lower reaction barriers. Moreover, [FeIVdO(Por+•)Cl] reacts via hydride transfer, while
[FeIVdO(Por)Cl]- by hydrogen abstraction. The differences between hydride and hydrogen atom transfer reactions
have been rationalized with thermodynamic cycles and shown to be the result of differences in electron abstrac-
tion abilities of the two oxidants. Thus, the calculations predict that [FeIVdO(Por)Cl]- is only able to hydroxylate weak
C-H bonds, whereas [FeIVdO(Por+•)Cl] is more versatile.

Introduction

High-valent iron(IV)-oxo complexes are common entities in
enzymatic systems and have been shown to be active oxidants
of heme and nonheme iron monoxygenase and dioxygenase
enzymes.1,2 These iron(IV)-oxo complexes have been isolated
and characterized in several enzymes, namely, in the heme
enzyme horseradish peroxidase (HRP), as well as in the
nonheme iron-enzymes taurine/R-ketoglutarate dioxygenase

andR-ketoglutarate dependent halogenase.3 The cytochromes
P450 (P450s) are heme enzymes with importance to human
health and involved in key metabolizing reactions in the body
by degrading xenobiotics and drugs.4 Although their active
oxidant is elusive, indirect evidence through kinetic isotope
effects (KIEs) and product distributions implicates that it is an
iron(IV)-oxo heme cation radical species.5 The iron(IV)-oxo
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heme(+•) complex, designated Compound I (Cpd I),6 is a
versatile oxidant that transfers its oxygen atom to substrates to
give hydroxylated, epoxidized, or sulfoxidized products.1

Although Cpd I has escaped experimental detection so far,
its precursor in the catalytic cycle, the ferric-hydroperoxo
species or Compound 0 (Cpd 0), has been characterized by
EPR/ENDOR and resonance Raman spectroscopic studies.7

In other heme enzymes, such as peroxidases, either a one-
electron reduction or a hydrogen abstraction by Cpd I gives
the active oxidant, which is designated Compound II (Cpd
II).8 However, it is generally believed that the hydrogen atom
abstraction ability of Cpd II ismuchweaker than that of Cpd
I.9 Indeed, a recent quantummechanics/molecularmechanics
(QM/MM) study on the relative activities of Cpd I and its
one-electron reduced form in a P450cam model predicted
sluggish oxidative properties for reducedCpd Iwith substrate
hydroxylation barriers that are well higher than those ob-
served forCpd I.10More recent experimental studies ofNam,
Fukuzumi, and co-workers,11 by contrast, showed that
biomimetic iron(IV)-oxo porphyrin oxidants, that is, Cpd
II-mimics, are able to react with substrates via hydrogen
abstraction and hydride transfer reactions. Thus, conflicting
results in the literature on the hydrogen abstraction abilities
of FeIV-oxo heme(+•) versus FeIV-oxo heme oxidants war-
rant further studies to find out which of these two oxidants is
more active and what the fundamental factors are that
influence this. Therefore, to gain insight into the mechanisms
of hydride transfer to either [FeIVdO(Por+•)Cl] or [FeIVdO-
(Por)Cl]- and the fundamental factors that distinguish it
from a hydrogen atom abstraction, we have studied the
reaction of [FeIVdO(Por+•)Cl] and [FeIVdO(Por)Cl]- with
one of the substrates used in the studies of Fukuzumi et al.,
namely, 10-methyl-9,10-dihydroacridine (AcrH2). These sys-
tems are mimics of biological cofactors often found in
proteins and enzymes.12

Experimental studies failed to unambiguously identify
whether the iron(IV)-oxo species reacts with AcrH2 via
hydrogen atom abstraction, hydride transfer, or proton
coupled electron transfer (PCET), Scheme 1. Thus, one

possibility is the reaction of the oxidant with AcrH2 via
hydrogen atom abstraction to give a hydroxo-iron(IV/III)
complex and an AcrH• radical rest-group. Alternatively, a
hydride transfer fromAcrH2 to Cpd I will lead to a hydroxo-
iron(III) complexed with a cationic AcrH+ rest-group, or a
hydroxo-iron(II) complexed with AcrH+ from the reaction
of [FeIVdO(Por)Cl]- with AcrH2. Furthermore, separation
of the electron and proton transfer processes through a
proton-coupled-electron-transfer (PCET) might take place,
whereby the overall reaction is the sum of the two processes,
hence a hydrogen atom abstraction. Extensive experimental
studies have been reported to find out whether the reaction
proceeds through a concerted hydride transfer or PCET
but conclusive evidence is still lacking.13 Nevertheless,
the reaction was shown to proceed via a significant KIE
value of 17 indicative of a rate determining hydrogen/proton
abstraction.11 To establish what the factors are that
govern the occurrence of these intermediate states, we have
done a detailed density functional theory (DFT) study
on [FeIVdO(Por+•)Cl] and [FeIVdO(Por)Cl]- hydroxyla-
tion of AcrH2. The studies show that although Cpd I is the
better oxidant, [FeIVdO(Por)Cl]- is also capable of hydro-
xylating AcrH2.

Methods

We use well established and benchmarked procedures and
methods14,15 which we will briefly summarize here. All calcu-
lations utilize the hybrid density functional method
UB3LYP16 in combination with a double-ζ quality LACVP
basis set on iron and 6-31G on the rest of the atoms, basis set
B1.17 Full geometry optimizations were done in the Jaguar
7.0 program package followed by an analytical frequency
calculation.18 Subsequent single point calculations using a
triple-ζ type LACV3P+ basis set on iron and 6-311+G* on
the rest of the atoms were done to improve the energetics,
basis set B2. In the past we benchmarked these methods
against experimental rate constants and kinetic isotope

Scheme 1. Possible Proton and Electron Transfer Reactions from
AcrH2
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effects for similar systems and found excellent agreement.19,20

Thus, in comparison with experimental rate constants, the
free energy of activation of styrene epoxidation by cyto-
chrome P450 calculatedwith B3LYP/B2was underestimated
by 3.1 kcal mol-1,20a whereas aromatic hydroxylation by a
nonheme iron(IV)-oxo oxidant was underestimated by
3.5 kcal mol-1.20b Moreover, recent studies on trends in
hydrogen abstraction reactions by Cpd I of P450 calculated
with these methods and basis sets showed that the barrier
heights correlated linearly with the bond dissociation energy
of the C-H bond of the substrate with correlation of better
thanR2= 0.94.21 Independent support of this followed from
a series of hydrogen abstraction barriers in hydroxylation
reactions that were shown to have a mean absolute error
below 1 kcal mol-1.22 Nevertheless, we did a series of test
calculations using alternative DFT methods (Supporting
Information), which reproduced spin state ordering and
relative energies perfectly.
Our model was an iron-oxo group embedded in protopor-

phyrin IX, whereby all side chains of the heme were abbre-
viated by hydrogen atoms.15 The axial ligand was chloride to
give a reactantwith stoichiometryFeC20H12N4OCl andover-
all charge zero (R1) or minus one (R2). Subsequently, we
added 10-methyl-9,10-dihydroacridine (AcrH2), to the che-
mical system and studied its hydroxylation mechanism. Full
optimization of all structures was performed in Jaguar, and
an analytical frequency calculation confirmed them as either
local minima (with real frequencies only) or transition states
(with one imaginary frequency for the correct mode). Since,
the experimentsofFukuzumi et al.11 useda solventmixtureof
dichloromethane (ε = 8.93) and acetonitrile (ε = 37.5), we
tested the effect of the environment on the reaction energies
through singlepoint calculationsusing the continuumsolvent
model using a dielectric constant of ε = 5.7 (probe radius
2.72 Å) or ε= 33.62 (probe radius 2.00 Å).
Kinetic isotope effects were estimated from the classical

Eyring equations (KIEE), eq 1, using the difference in free
energy of activation (ΔG‡) of the hydrogen and deuterium
substituted systems, with R being the gas constant and T the
estimated temperature (298.15 K).

KIEE ¼ expðð-ΔGH þ ΔGDÞ=RTÞ ð1Þ
Tunneling corrections (Qt) to the KIE values were added to
give theWignerKIEWvia eq2withhbeingPlanck’s constant,
k the Boltzmann constant, and ν the imaginary frequency in
the transition state.

KIEW ¼ KIEE �QtH=QtD with Qt

¼ 1 þ ðhv=kTÞ2=24 ð2Þ
Results

Recent studies of Fukuzumi, Nam, and co-workers on
biomimetic oxygenation reactions of NADH analogues re-
vealed a hydride abstraction mechanism, which contrast the
generally observed hydrogen atom abstraction by P450

enzymes.1,11 Furthermore, it was shown that not only the
[FeIVdO(Por+•)] (Por = porphyrin) would be able to per-
form this reaction but also its one-electron reduced form,
[FeIVdO(Por)]. By contrast, QM/MM studies on camphor
hydroxylation by these two oxidants predicted sluggish
properties of [FeIVdO(Por)].10 The only other theoretical
study that identified oxidative properties of [FeIVdO(Por)] is
related to the heme-enzyme nitric oxide synthase (NOS),14c

where DFT modeling showed that Cpd I with a neutral
arginine molecule (Cpd I—Arg) in its vicinity will initially
react by electron transfer rather than hydrogen abstraction.
Thus, to establish the reactivity differences between these two
oxidants we set up a model using two representative systems,
namely, [FeIVdO(Por+•)Cl] and [FeIVdO(Por)Cl]-, and
studied their reactivity pattern versus a common substrate
with a weak C-H bond, that is, AcrH2. Earlier calculations
of ours showed that an axial chloride ligand behaves similarly
as a thiolate ligand as appears in P450 enzymes and as such
should be a good model system.15

Figure 1 shows the high-lying occupied and low-lying
virtual molecular orbitals of [FeIVdO(Por+•)Cl] (R1) and
[FeIVdO(Por)Cl]- (R2) and their optimized geometries.
Thus, both systems are characterized as an FeIVdO group
embedded into a porphyrin ring, which has a cation radical
on the heme in R1 but is closed-shell in R2.23 The high-lying
occupied and low-lying virtual orbitals originate from the
metal 3d atomicorbitals plus a high-lying nonbonding orbital
on the porphyrin ligand that in D4h symmetry has the
label a2u.

24 The δx2-y2 orbital is a nonbonding orbital in the
plane of the porphyrin, and somewhat higher in energy are
two π* orbitals for the Fe-O interaction (π*xz and π*yz) that
are singly occupied inR1 andR2. The two σ* orbitals for the
interactions of the metal with the chloride and oxo groups
(σ*z2) andwith the nitrogen atoms of the porphyrin (σ*xy) are
virtual in the reactants. Thus, Cpd I has orbital occupation
δx2-y2

2 π*xz
1 π*yz

1 a2u
1, but since the interaction between the

π* and a2u orbitals is small, the system appears in close-lying

Figure 1. (a) High-lying occupied and low-lying virtual orbitals of 4R1
with the shapes of the π*yz and a2u orbitals highlighted. (b) Optimized
geometries of 4,2R1 and 3R2 with bond lengths in angstroms.
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overall quartet and doublet spin states. One electron reduc-
tion of quartet and doublet Cpd I fills up the a2u hole with a
second electron to give triplet spin R2 with electronic con-
figuration of δx2-y2

2 π*xz
1 π*yz

1 a2u
2. Since both molecules

have an FeIV-oxo group, the optimized geometries ofR1 and
R2 are very much alike. The only difference is a slightly
elongated Fe-Cl bond in R2 to 2.467 Å. This is the result of
the fact that the a2u orbital mixes slightly with a lone pair
orbital on the chloride ligand (πCl) and with double occupa-
tion of this orbital there is more antibonding character
along the Fe-Cl bond, hence is elongated. These optimi-
zed geometries match earlier studies on the same oxidant
excellently.15

AcrH2 Hydroxylation by [Fe
IVdO(Por

+•
)Cl]. First we

studied the hydroxylation mechanism of AcrH2 by
4,2R1

and the obtained potential energy surface is shown in
Figure 2. As follows, the reaction is stepwise starting from
a long-range reactant complex between R1 and AcrH2.
The initial step is a hydrogen atom or hydride abstraction
via barrier 4,2TS1 leading to either a radical or cationic
intermediate (4Irad,

4,2Icat). A subsequent OH rebound
mechanism via a rebound barrier TS2 gives hydroxylated
product complexes (4,2P). In the high-spin state, these
rebound barriers are small and negligible (see Supporting
Information), but in the low-spin a barrier of about 6.6
kcal mol-1 in the gas-phase is encountered.
As expected, the reactant complexes are close in energy

and as a consequence give rise to two-state-reactivity
patterns (TSR) on competing doublet and quartet spin
state surfaces. This is similar to previous DFT studies on
the reactivity of heme iron(IV)-oxo complexes with

substrates.21,25 The lowest lying barriers (via 4TS1cat
and 2TS1cat), however, are hydride transfer barriers
leading to a cationic intermediate (4Icat and

2Icat). These
are the first reported hydride transfer barriers of iron(IV)-
oxo oxidants, moreover, energetically they are well lower
in energy than typical hydrogen abstraction barriers. As a
matter of fact of the series of eleven hydrogen abstraction
barriers by [FeIVdO(Por+•)SH] reported, only the one
for N,N-dimethyl aniline is of similar magnitude, all
others are well higher in energy.21b

To make sure that the barriers (4,2TS1cat) and inter-
mediates (4,2Icat) are indeed the lowest energy electromers,
we attempted to swap molecular orbitals to create radical
intermediates. In the high-spin state, we thus located
4Irad and 4TS1rad, both with electronic configuration
δx2-y2

2 π*xz
1 π*yz

1 a2u
2
φSub

1 or FeIV(OH)(Por)Cl–AcrH•.
However, the hydrogen abstraction barrier 4TS1rad is
significantly higher in energy than the hydride transfer
barrier (4TS1cat) and in a similar vein 4Irad is at least
10 kcal mol-1 higher in energy than 4Icat in the gas-phase,
which grows to 13.7 kcal mol-1 in a dielectric constant
of ε=33.6. Consequently, hydrogen abstraction is an un-
favorable process forAcrH2 in favor of an overall hydride
transfer reaction.
Optimized geometries show features typical of a hydro-

xylation reaction; in the intermediates the Fe-O bond is
weakened from formally a double bond in R1 to a single
bond. In 2Icat and

4Icat the metal is in oxidation state FeIII

and the orbital occupation is δx2-y2
2π*xz

2π*yz
1 a2u

2 in the
doublet spin state and δx2-y2

2 π*xz
1 π*yz

1 σ*z2
1 in the

quartet spin state. The extra electron in σ*z2 in the high-
spin state adds antibonding character to the Fe-Cl bond
that is elongated to 2.517 Å. This has been shown before
to be responsible for lengthening the Fe-O and Fe-Cl

Figure 2. Potential energy profile of AcrH2 hydroxylation by 4,2
R1. Energies (ΔE+ZPE) and free energies (ΔG) are obtained with Jaguar with energies

frombasis set B2while ZPE, entropic, thermal and solvent corrections used basis set B1. Also shown are optimized geometries of intermediate and product
complexes with bond lengths in angstroms.
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distances, for example, in aromatic hydroxylation reac-
tions.26 In the product complexes the Fe-O bond is
further weakened and will enable release of products.
Optimized geometries and group spin densities of the

rate determining transition states (4,2TS1cat and
4TS1rad)

are depicted in Figure 3. Geometrically there are no
dramatic differences between the three structures: the
hydrogen atom is almost midway in between the oxo
and carbon atoms, although in the cationic complexes it is
somewhat closer on the reactant side. The group spin
densities of the structures reveal a FFeO of about two in all
three structures and significant spin density on the sub-
strate. The spin density on the substrate in 4,2TS1cat is
lower than that for 4TS1rad but is still well larger than that
expected for a cationic transition state. Instead, there is
significant radical character on the substrate (FAcrH =
0.64 in 4TS1cat and FAcrH = -0.51 in 2TS1cat). Detailed
geometry scans, however, showed 4,2TS1cat to relax to the
cationic intermediates.
Therefore, although the reaction leading to 4,2Icat is

formally a hydride transfer reaction, in fact the reaction is
a hydrogen atom abstraction coupled electron transfer
with the second electron transfer separated from the
hydrogen atom transfer. Thus, the hydrogen atom ab-
straction occurs first; hence, all transition states have
similar geometries, electron distributions, and spin den-

sities. The second electron transfer takes place during the
pathway from 4,2TS1cat to 4,2Icat. This mechanism is
similar to that calculated for trans-2-phenyl-isopropylcy-
clopropane hydroxylation by a P450 model complex
where an initial hydrogen atom abstraction barrier pre-
cedes a spin crossing from a radical to a cationic potential
energy surface and thereby relaxes to a hydride transfer
intermediate.19c

AcrH2 Hydroxylation by [FeIVdO(Por)Cl]-. Subse-
quently, we studied the hydroxylation of AcrH2 by the
one-electron reduced version of R1, namely, [FeIVdO
(Por)Cl]- or R2, and the mechanism obtained at the
triplet spin state surface is shown inFigure 4. The reaction
starts from a long-range complex of [FeIVdO(Por)Cl]-

with AcrH2 (
3R2) that similarly to the mechanism shown

above for R1, reacts in a stepwise mechanism to hydro-
xylated products. The overall reaction is exothermic by
10.3 kcal mol-1 in the gas-phase and 11.5 kcal mol-1 in a
dielectric constant of ε= 33.6. These exothermicities are
much less than those obtained for Cpd I.
The initial reaction is a hydrogen atom abstraction to

form a radical intermediate, 3I, via a hydrogen abstrac-
tion transition state 3TS1. Radical rebound via a transi-
tion state 3TS2 gives hydroxylated products (3P). A
hydrogen abstraction barrier of 15.5 kcal mol-1 is found
in the gas-phase, which is well higher in energy than the
hydride transfer barrier by R1 of 5.6 kcal mol-1. On
the other hand, a hydrogen abstraction barrier by R1 of
11.1 kcal mol-1 leads to a radical intermediate. The
hydrogen atom abstraction mechanism by R2, therefore,
is only 4.4 kcal mol-1 higher in energy in the gas-phase
than the analogous barrier forR1 and the only reason R1
is a more efficient oxidant here is because there is a lower
lying hydride transfer mechanism. Consequently, our
studies show that although Cpd I is the better oxidant
of the two, the difference in hydrogen abstraction barriers
is actually quite small. Thus,R2 should be able to perform
hydroxylation reactions although not as efficiently asR1.
Note that the radical rebound barrier via 3TS2 is very
large (18.4 kcalmol-1 in the gas-phase), whichmeans that
the radical intermediate is expected to have a finite

Figure 3. UB3LYP/B1optimized geometries of 4,2TS1cat and
4
TS1rad as

obtained with Jaguar with bond lengths in angstroms. Also given are the
group spin densities obtained with basis set B2.

Figure 4. Potential energy profile of AcrH2 hydroxylation by 3R2.
Relative energies (ΔE + ZPE) and free energies (ΔG) are obtained with
Jaguar with energies from basis set B2 while ZPE, entropic, thermal, and
solvent corrections with basis set B1. Also shown is the optimized
geometry of 3

TS1 with bond lengths in angstroms, the charge on the
substrate (QAcrH), and group spin densities obtained with basis set B2.

(26) (a) de Visser, S. P.; Shaik, S. J. Am. Chem. Soc. 2003, 125, 7413–7424.
(b) de Visser, S. P. Chem.;Eur. J. 2006, 12, 8168–8177. (c) de Visser, S. P.;
Tahsini, L.; Nam, W. Chem.;Eur. J. 2009, 15, 5577–5587.
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lifetime. In previous studies it was shown that large
rebound barriers can give rise to byproducts due to
rearrangement.19,27 In this particular case, however, the
barrier via 3TS2 is actually larger than that for 3TS1,
although by a small amount which implies that rebound
rather than hydrogen abstraction will be rate limiting in
the reaction mechanism by R2.
The hydrogen abstraction barrier 3TS1 resembles

4TS1rad closely; the hydrogen atom is placed midway in
between the oxo and carbon atoms, but closer to the oxo
group, that is, product-like. The group spin densities
show that some spin density has transferred from the
oxo group to the substrate, while the spin on the metal
remains the same. A small amount of spin density has
accumulated on the substrate in 3TS1, which grows to a
full radical in 3I.
To find out whether a hydride transfer reaction would

give a different KIE compared to a hydrogen abstraction
barrier and additionally discover the KIE differences
between R1 and R2, we calculated the free energy of
activation of the hydrogen and deuterium substituted
barriers. Table 1 displays the KIEs for the hydride
transfer mechanisms via 4,2TS1cat originating from 4,2R1
and the radical mechanism from 3R2 via 3TS1. We
calculated the effect of replacing the transferring hydro-
gen atom by deuterium (AcrDH) as well as that for
substituting the other hydrogen atom from this CH2

group by deuterium (in AcrHD), and finally both hydro-
gen atoms of the CH2 group were changed to deuterium
atoms (in AcrD2). As follows from Table 1, the hydride
transfer barriers (from 4,2R1) give slightly lower KIE
values than the hydrogen atom abstraction barrier via
3
TS1. The secondary KIE is small and a minor inverse
KIE effect is obtained for both 4

R1 and 3
R2. For the

hydrogen abstraction reaction of trans-methylphenylcy-
clopropane by Cpd I of P450 KIE values of around 6-7
for KIEE and around 8 for KIEW were calculated.19

Therefore, our KIE values for 3R2 are in good agreement
with previous calculated values of trans-methylphenylcy-
clopropane hydroxylation by Cpd I of P450.
The imaginary frequencies in the transition states are

i1340.2, i1006.2, and i1797.3 cm-1 for 4TS1cat,
2TS1cat,

and 3TS1, respectively. Clearly, larger imaginary frequen-
cies represent sharper and narrower reaction barriers and
consequently more tunneling may be expected. These
imaginary frequencies therefore explain the trends in
KIE values reported in Table 1 and explain the slightly
higher KIEs for hydrogen atom abstraction by R2 as
compared to hydride transfer byR1. The large imaginary

frequency for the R2 pathway gives rise to a relatively
large tunneling contribution and hence a significantly
higher KIEW value as compared to the mechanisms from
R1 is observed, see Table 1. Experimentally, a KIE value
of 17 for AcrH2/AcrDHhydroxylation by [FeIVdO(Por)]
biomimetic system was observed,11 which compares
reasonably well with the tunneling corrected value of
KIEW= 12 shown in Table 1. The experimental oxidant,
however, was FeIVdO(tpfpp), with tpfpp = meso-tetra-
kis(pentafluorophenyl)porphyrinato dianion, while here
we used an oxidant with a chloride axial ligand, which is
missing in the experimental setup. Therefore, to find out
whether removal of the axial ligand from the oxidant
leads to significant differences in reactivity patterns and
KIE effects, we did a further set of calculations for
FeIVdO(Por) with AcrH2 (

3R20), that is,R2without axial
ligand (see Supporting Information). Similarly to the
studies shown in Figure 4 above, also the reaction of
FeIVdO(Por) with AcrH2 is stepwise with an initial
hydrogen atom abstraction leading to a radical inter-
mediate. The hydrogen abstraction barrier (3TS10) for
the reaction of AcrH2 by R20 is ΔE + ZPE = 14.2 kcal
mol-1 in the gas-phase, which is within 1.5 kcal mol-1 of
the value obtained with a chloride axial ligand using the
same methods and basis sets. Moreover, a KIEE = 7.1
and KIEW = 11.8 for AcrH2 versus AcrDH hydroxyla-
tion by FeIVdO(Por) is calculated. Therefore, the
axial ligand has only a minor effect on the reaction
and does not influence reaction barriers or KIE values
significantly.
Experimentally, a free energy of activation of 17.0 kcal

mol-1 was obtained for the reaction of FeIVdO(tpfpp)
with AcrH2.

11 This value compares excellently with the
calculated free energy of activation in a dielectric constant
of ε=5.7 for [FeIVdO(Por)Cl] ofΔG‡= 18.3 kcal mol-1

and for [FeIVdO(Por)] of 16.6 kcal mol-1. The calcula-
tions, therefore, reproduce experimental findings excel-
lently and are good mimics of the experimentally studied
system.

Discussion

In this work a comparative DFT study on AcrH2 hydro-
xylation by [FeIVdO(Por+•)Cl] and its one-electron reduced
form are reported. As follows from Figures 2 and 4 above,
both oxidants (R1 and R2) are able to hydroxylate AcrH2

albeitR1 is a muchmore efficient oxidant that gives products
with much larger reaction exothermicity and with lower rate
determining barriers. R2 reacts with AcrH2 by hydrogen
atom abstraction via a rate determining barrier of 15.5 kcal
mol-1, which is a value of the same order of magnitude as
camphor hydroxylation by a P450 model.10,21b However, the
oxidative power of R2 is substantially lower than that
observed by R1: The rate determining barriers observed for
AcrH2 hydroxylation by R1 of 5.6 (6.1) kcal mol-1

via 4
TS1cat (

2
TS1cat) are among the lowest barriers calculated

so far for C-H hydroxylation reactions. As a matter of
fact only for N,N-dimethyl aniline similar barriers
were obtained,while all other substrates including the natural
substrate camphor of P450cam give much higher reaction
barriers.21 So what are the reasons thatR1 is a better oxidant
than R2 and why does R1 react via an overall hydride
abstraction andR2 via hydrogen atom abstraction?A second

Table 1.Kinetic Isotope Effects (KIE) as Calculated with the Eyring (KIEE) and
Wigner (KIEW) Models for AcrH2 Hydroxylation by 4,2R1 and 3R2a

4
R1

2
R1

3
R2

KIEE KIEW KIEE KIEW KIEE KIEW

AcrH2/AcrDH 6.11 10.09 4.87 7.15 6.96 11.96
AcrH2/AcrHD 0.94 0.97 1.03 1.12 0.96 0.97
AcrH2/AcrD2 5.84 9.89 5.09 8.05 6.79 11.79

aAcrDH has the transferring hydrogen atom replaced by deuterium,
and AcrHD, the non-transferring hydrogen atom (i.e., secondary KIE).

(27) de Visser, S. P.; Ogliaro, F.; Shaik, S. Angew. Chem., Int. Ed. 2001,
40, 2871–2874.
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question wewill address is what the origin of hydride transfer
barriers is. And if they are energetically favorable, why do
other reactions take place via hydrogen atom abstraction
instead?

Why Is [FeIVdO(Por+•)Cl] More Reactive than [FeIVd
O(Por)Cl]-? In the case of the reaction between R1 and
AcrH2 we calculated amechanism starting with a hydride
transfer reaction (via 4,2TS1cat), as well as one with an
initial hydrogen atom abstraction (via 4TS1rad). The
hydride transfer barrier is about 5.5 kcal mol-1 lower in
energy than the hydrogen atom abstraction. The two
hydrogen atom abstraction barriers (via 4TS1rad and
3TS1) are only 4.4 kcal mol-1 different in energy in favor
of 4TS1rad. Notably, using QM/MMmethods Thiel et al.
found an energy difference of 4.8 kcal mol-1 between the
barriers for camphor hydroxylation by Cpd I and its one-
electron reduced form.10 This value matches our barrier
height difference excellently, and therefore, the protein
environment as in P450 enzymes clearly does not influ-
ence the relative barriers of substrate hydroxylation byR1
and R2. So what are the fundamental factors that distin-
guish the hydrogen abstraction barriers ofR1 andR2 and
why does R1 have a possible alternative via hydride
transfer? To answer these questions, we did some further
studies on the individual electron, hydrogen atom, and
hydride transfer energies of isolated [FeIVdO(Por+•)Cl]
and [FeIVdO(Por)Cl]-, and the results are schematically
depicted in Figure 5.
Since the structures shown in Figure 5 have different

overall charge, we calculated the reaction energies in
the gas-phase as well as in a dielectric constant of
ε = 5.7. Generally, the gas-phase data give a similar
trend to the solvent corrected reactions, but important
differences will be highlighted later on. Thus, the
energy difference between [FeIVdO(Por+•)Cl] and
[FeIVdO(Por)Cl]- is the electron affinity of Cpd I
(EAR1 = -ΔHEA,R1) and the reduction energy of
[FeIVdO(Por)Cl]- with another electron is EAR2 (or
-ΔHEA,R2). Reduction of [FeIVdO(Por+•)Cl] releases
79.3 kcal mol-1 in the gas-phase and 112.3 kcal mol-1

in a dielectric constant of ε = 5.7. The subsequent
electron transfer, by contrast, is endothermic in the gas-
phase and has a small exothermicity of 55.9 kcal mol-1 in
a dielectric constant.
Subsequently we calculated the hydrogen abstraction

energy (ΔHHA) as the energy of a complex A to abstract a
hydrogen atom to form product AH (eq 3) and the
hydride transfer energy (ΔHHT) as the energy of A to

abstract a hydride anion to give AH- (eq 4).

A þ H• f AH• þ ΔHHA ð3Þ

A þ H- f AH- þ ΔHHT ð4Þ
The hydrogen abstraction energy of [FeIVdO(Por+•)Cl]
to give [FeIV(OH)(Por)Cl] is 86.6 kcal mol-1 in the gas-
phase, while that for [FeIVdO(Por)Cl]- is only 5.0 kcal
mol-1 higher in energy. This energy difference is similar
to the differences in barrier height between 4TS1rad and
3TS1. Electronically, hydrogen abstraction byR1 leads to
electron donation into the a2u orbital to give [FeIV(OH)
(Por)Cl] with orbital occupation δ2 π*xz

1 π*yz
1 a2u

2,
whereas hydrogen abstraction by [FeIVdO(Por)Cl]- fills
the π*xz orbital with a second electron to give [FeIII(OH)
(Por)Cl] with orbital occupation δ2 π*xz

2 π*yz
1 a2u

2. Since
the a2u orbital is slightly below the π*xz orbital inR1, this
orbital is filled first with a second electron. The electron
transfer to R2, as a consequence, is into a higher lying
molecular orbital, namely, into one of the π* orbitals,
and as a result the barriers obtained from R2 are
significantly higher than those found for R1. However,
the energy difference between the a2u and π* orbitals, in
fact, is quite small; hence, the hydrogen abstraction
barriers from AcrH2 by R1 and R2 differ by only about
4.8 kcal mol-1.
Studies of ethene epoxidation by aCpd Imodel of P450

showed a multistate-reactivity pattern via a series of low-
lying competitive electronic states.28 Similarly, a hydro-
gen abstraction reaction of propene (PH) by Cpd I of
P450 or [FeIVdO(Por+•)SH] led to five different hydro-
xo-iron complexes within about 9 kcal mol-1.29 The
reason for this is that simultaneously with the hydrogen
atom abstraction one electron is transferred into the iron-
heme group. As shown in Figure 1 above the π*xz, π*yz,
and a2u molecular orbitals are all singly occupied and
close in energy. Therefore, electron transfer into the
heme, that is, the a2u orbital, gives a hydroxo-iron(IV)-
porphyrin complex with electronic configuration π*xz

1

π*yz
1 a2u

2
φP

1 with either overall doublet or quartet spin,
that is, 4,2FeIV(OH)(Por)SH—P•. Alternatively, an

Figure 5. Electron, hydrogen atom (HA), and hydride (HT) transfer energies to bare [FeIVdO(Por+•)Cl] and successive intermediates. All energies are in
kcalmol-1 andobtainedat theUB3LYP/B2 level of theorywithZPEatUB3LYP/B1.Values out ofparentheses in the gas-phase and insideparentheseswith
solvent correction included. Reaction energies are defined in eq 3 and 4.

(28) de Visser, S. P.; Ogliaro, F.; Harris, N.; Shaik, S. J. Am. Chem. Soc.
2001, 123, 3037–3047.

(29) (a) de Visser, S. P.; Ogliaro, F.; Sharma, P. K.; Shaik, S. Angew.
Chem., Int. Ed. 2002, 41, 1947–1951. (b) de Visser, S. P.; Ogliaro, F.; Sharma,
P. K.; Shaik, S. J. Am. Chem. Soc. 2002, 124, 11809–11826.
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electron transfer into one of the π* orbitals retains the
radical on the heme but changes the oxidation state of the
metal to Fe(III), that is, 4,2FeIII(OH)(Por+•)SH—P•with
electronic configuration π*xz

2 π*yz
1 a2u

1
φP

1. There
are one quartet spin and two doublet spin configurations
with this electron distribution. In the gas-phase the
hydroxo-iron complexes with the metal in oxidation state
Fe(III) were found to be less stable than the Fe(IV)
complexes by about 4.8 kcal mol-1.29 This energy gap
between FeIV(OH)(Por)SH—P• and FeIII(OH)(Por+•)
SH—P• is identical to the calculated energy difference
between the hydrogen abstraction barriers of AcrH2 by
R1 andR2 reported here and therefore reflects the energy
difference between the π*xz and a2u molecular orbitals.
Thus, R2 is a lesser oxidant than R1 because the a2u
orbital is already doubly occupied and not accessible for
additional electrons, and the lowest lying available orbital
is one of the π* orbitals instead. Because the close
degeneracy of the π* and a2u orbitals, R2 is still able to
act as an oxidant but because a higher lying molecular
orbital is filled in the process this will cost substantially
more energy than the same process starting from Cpd I.
Consequently, the relative oxidative properties of
[FeIVdO(Por+•)Cl] and its one electron reduced species
follow from orbital occupation and the ability of the
oxidant to accept electrons.
In addition to the ΔHEA and ΔHHA values in Figure 5,

we report the hydride transfer energies (ΔHHT). Thus,
hydride transfer to Cpd I gives an [FeIII(OH)(Por)Cl]-

complex, which is the thermodynamic sum of a hydrogen
atom transfer followed by electron transfer. As can be
seen from Figure 5, the hydride transfer reaction is
strongly exothermic for [FeIVdO(Por+•)Cl] (by 156.0
kcal mol-1 in the gas-phase) but much less exothermic
for [FeIVdO(Por)Cl]-. This implies that in the gas-phase,
hydride transfer would be the favorable mechanism
although it, of course, would be dependent on the relative
stability of Sub• versus Sub+, with Sub the rest-group of
the substrate (SubH). The values for ΔHHT are close to
the sum of the individual hydrogen abstraction
and electron transfer processes, that is, ΔHHT,1 =
ΔHHA,1 + ΔHEA,FeIVOH + EAH, whereby EAH repre-
sents the electron affinity of a hydrogen atom (EAH =
4.8 kcal mol-1 in the gas-phase). Thus, in the case of
[FeIVdO(Por+•)Cl], the values for ΔHHA,1 and
ΔHEA,FeIVOH are very similar, but for the hydride transfer
from [FeIVdO(Por)Cl]- the value ΔHEA,FeIIIOH is en-
dothermic. Therefore, the overall reaction of hydride
transfer from [FeIVdO(Por)Cl]- is only slightly exother-
mic, and hydride transfer cannot compete with hydrogen
atom abstraction; hence, hydrogen atom abstraction is
the dominant mechanism from [FeIVdO(Por)Cl]-, in
agreement with what we found for AcrH2 hydroxylation.
In the case of Cpd I, the reaction energies for ΔHHA,1

andΔHHT,1 in a dielectric constant of ε=5.7 are close in
energy so that the two mechanisms are competitive
and the relative stability of Sub• versus Sub+ deter-
mines which of the two mechanisms will be energetically
favorable.
Equations 5 and 6 give the overall hydride transfer

reaction from Cpd I and the exothermicity (ΔHeq 5)
described as a function of the bond dissociation energy
(BDESubH) of the substrate, the ionization energy of the

substrate rest-group (IESub) and EAH, whereby BDESubH

reflects the energy to split SubH into Sub• and a hydrogen
atom, that is, BDESubH = -ΔHHA,SubH (eq 3).

½FeIVdOðPorþ•ÞCl� þ
SubH f ½FeIIIðOHÞðPorÞCl�- þ Subþ ð5Þ

ΔHEq5 ¼ ΔHHT, 1 -BDESubH þ IESub -EAH ð6Þ
Similarly, the overall reaction for the hydrogen atom
abstraction by Cpd I is

½FeIVdOðPorþ•ÞCl� þ
SubH f ½FeIVðOHÞðPorÞCl� þ Sub• ð7Þ

ΔHEq7 ¼ ΔHHA, 1 - BDESubH ð8Þ
Cpd I is most likely to react via hydride transfer if the
reaction exothermicity for this reaction is larger than that
for hydrogen atom transfer, that is, ΔHeq 5 > ΔHeq 7,
combining this with eqs 6 and 8 gives eq 9.

ΔHHT, 1 - ΔHHA, 1 > EAH - IESub ð9Þ
The difference in energy between the hydride transfer and
hydrogen atom abstraction energies (Figure 5) is approxi-
mately the difference of EAH and -ΔHEA,FeIVOH. As a
consequence this implies that if IESub is smaller than -
ΔHEA,FeIVOH, Cpd I is most likely to react via hydride
transfer, whereas in the case -ΔHEA,FeIVOH < IESub the
reaction most likely will proceed via a hydrogen
atom abstraction instead. Thus, -ΔHEA,FeIVOH is
112.2 kcal mol-1 in a dielectric constant of ε = 5.7,
whereas IESub is calculated to be 92.9 kcal mol-1 using
the same methods and basis sets. Therefore, the value of
-ΔHEA,FeIVOH is larger than that of IESub; hence, Cpd I
reacts via a hydride transfer rather than hydrogen atom
abstraction as indeed observed in Figure 2.
In the case of [FeIVdO(Por)Cl]- the difference between

the hydride transfer and hydrogen atom abstrac-
tion reaction is determined by the relative energy
of ΔHEA,FeIIIOH and IESub. However, -ΔHEA,FeIIIOH is
very small (68.4 kcal mol-1), well lower than IESub of
92.9 kcal mol-1, so that [FeIVdO(Por)Cl]- reacts via
hydrogen atom abstraction rather than hydride transfer.
As a result only few substrates (if at all) will have an
ionization potential that is low enough to react with
[FeIVdO(Por)Cl]- by hydride transfer instead. Indeed,
our studies presented in this work show that [FeIVdO-
(Por)Cl]- reacts via a dominant hydrogen abstrac-
tion, whereas [FeIVdO(Por+•)Cl] via hydride abstrac-
tion. In conclusion, hydride and hydrogen atom
transfer reactions are based on the electron affinity of
the hydroxo-iron complex and the ionization potential
of the Sub rest-group. Since, ΔHEA,FeIVOH is highly
exothermic and ΔHEA,FeIIIOH not, [FeIVdO(Por+•)Cl]
reacts via hydride transfer while [FeIVdO(Por)Cl]- is
unable to do that. In the past we showed that this
reaction exothermicity can be transferred to a reaction
barrier.21
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Does [FeIVdO(Por)Cl]- React via Hydrogen Atom
Abstraction or Proton Coupled Electron Transfer? In the
previous section we showed that [FeIVdO(Por)Cl]- re-
acts with AcrH2 via a formal hydrogen abstraction reac-
tion and not via hydride transfer. However, a hydrogen
abstraction mechanism is formally the sum of an electron
and proton transfer. These two processes not necessarily
proceed simultaneously. In particular, separation of elec-
tron and proton transfer processes is described as a
proton-coupled-electron-transfer (PCET). Figure 6 dis-
plays the reaction energies for hydrogen abstraction in the
center, which are slightly exothermic in the gas-phase
(by -12.6 kcal mol-1). This reaction energy compares
excellently with our relative energy between 3R2 and 3I
(see above in Figure 4 above) of -13.5 kcal mol-1.
Therefore, the interaction between the two reactant and
two intermediate structures in complexes 3R2 and 3I have
little effect on the reaction energetics.
Subsequently, we calculated the energy of R2 to ab-

stract an electron from AcrH2 followed by a proton
abstraction to give the hydrogen abstraction intermediate
(lower mechanism in Figure 6). As follows the initial
electron transfer is highly endothermic, although much
of the energy is released again in the proton transfer to
give an overall slightly exothermic reaction. Nevertheless,
the high cost of the initial electron transfer makes this an
unlikely mechanism.
The alternative was tested and shown at the top

of Figure 6, where the proton transfer precedes the
electron transfer. The first step is endothermic by about

38.4 kcal mol-1 in the gas-phase and a similar value in a
dielectric constant was found. The subsequent electron
transfer is exothermic and gives an overall reaction energy
of 12.6 kcal mol-1, similar to that obtained for the direct
hydrogen abstraction. Nevertheless, the individual reac-
tions shown in Figure 6 clearly show that only a low-
energy mechanism is obtained when the electron and
proton transfer are coupled together into a hydrogen
abstraction mechanism (middle of Figure 6). Therefore,
DFT studies show that an alternative PCETmechanism is
energetically less favorable over a direct hydrogen atom
transfer by [FeIVdO(Por)Cl]-.

Conclusion

DFT calculations on AcrH2 hydroxylation by two iron
(IV)-oxo oxidants are reported: [FeIVdO(Por+•)Cl] and
[FeIVdO(Por)Cl]-. The former, that is, Cpd I, is an efficient
oxidant that reacts via hydride abstraction with low reaction
barriers of 5.6 kcal mol-1. The hydride transfer, in fact, is an
initial hydrogen abstraction followed by a rapid electron
transfer leading to a cationic intermediate. Although
[FeIVdO(Por)Cl]- is able to hydroxylate AcrH2, its barriers
are significantly higher than those found for Cpd I. This is
mainly because the hydride transfer reaction is thermodyna-
mically unfavorable and only a hydrogen abstraction reac-
tion can take place. Comparable hydrogen abstraction
reactions by the twooxidants are about 5 kcalmol-1 different
in energy and as a consequence the difference in barrier
heights has the same energy gap. We have set up a valence
bond (VB) model to explain the electronic differences be-
tween the two reaction mechanisms. Moreover, a thermo-
dynamic model is given that explains why some oxidants
react via hydride transfer, while others with the same sub-
strate react via hydrogen atom abstraction instead.
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Figure 6. Comparative reaction energies for hydrogen abstraction (mid-
dle) ofAcrH2 byR2 and two possible PCETmechanisms. All energies are
in kcal mol-1 and are obtained with basis set B2 with ZPE corrections at
B1 level of theory. Data out of parentheses in the gas-phase and in
parentheses calculated in a dielectric constant of ε= 5.7.


