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Oxidation of Cyclohexane by a High-Valent Iron Bispidine Complex: A Combined
Experimental and Computational Mechanistic Study’
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Experimental data suggest that there are various competing pathways for the catalytic and stoichiometric
oxygenation of cyclohexane, assisted by iron-bispidine complexes and using various oxidants (H,O,, O,
PhIO). Density functional theory calculations indicate that both Fe™V=0 and FeV=O0 species are accessible
and efficiently transfer their oxygen atoms to cyclohexane. The reactivities of the two isomers each and the
two possible spin states for the Fe™=0 and FeV=0 species are sufficiently different to allow an interpretation

of the experimental data.

Introduction

Mononuclear nonheme iron enzymes are involved in a wide
range of biological processes, where the initial step is dioxygen
activation.> Thorough studies of biological systems have
focused on clarifying the catalytic pathways in these enzymes,?
and much experimental effort has been devoted to investigating
the catalytic activity of low molecular weight model complexes.*
In the hydroxylation of alkanes, there is an ongoing debate on
the type of catalytically active oxidant, that is, Fe!V=0, FeV=0,
or oxygen-based radicals.’~ % With the tetradentate tpa ligand
(tpa = tris(2-pyridylmethyl)amine), it was shown that [(tpa)Fe¥=
O(OH)]**, derived from O—O bond heterolysis of its [(tpa)-
Fe)(OOH)(OHy)]** precursor, is the oxidant for alkane
hydroxylation.>® In contrast, fully characterized Fe!V=0 com-
plexes with tetradentate Ny ligands such as tmc (tmc = 1,4,8,11-
tetramethylcyclam) and pentatendate ligands such as N4py
(N4py = N,N-bis(2-pyridylmethyl)-bis(2-pyridyl)methylamine)
and bpmen (bpmen = N-benzyl-N,N'.N'-tris(2-pridylmethyl)-
1,2-diaminoethane) were shown to catalytically oxidize alkenes.”!!
It was demonstrated that the pentatendate ligand Fe!V=0
complexes have longer life times than the ferryl species of
tetradentate ligands and that they are thermally more stable.”
This allowed the pentadentate ligand ferryl complexes to
hydroxylate even the more inert alkanes, for example, cyclo-
hexane, which has a C—H bond energy of 416 kJ/mol. In support
for the Fe!V route, direct spectroscopic evidence for a ferryl
intermediate has been reported for the 2-oxoglutarate-dependent
enzyme TauD.!%13

A similar debate on the active oxidant emerges from
theoretical studies. Dioxygen activation was studied both via
homolytic and via heterolytic pathways.'* It was shown that,
for the hydrogen-peroxide-derived [(tpa)Fe'(OOH)(OH,)]>*
complex, the heterolytic pathway leading to FeV=0 is preferred
over the homolytic O—O bond cleavage, whereas for the
reaction with alkyl peroxide, the homolytic pathway leading to
an FeV=0 oxidant is preferred. The difference between
hydrogen peroxide and alkyl peroxide as oxidant derives from
the 33.5 kJ/mol higher O—O bond energy of hydrogen peroxide.
In another density functional theory (DFT)-based study, sup-
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Figure 1. Tetradentate bispidine ligand L and its hexacoordinate Fe
complex with an axial (A) and an equatorial (E) coligand; there are
two isomeric oxo complexes with O as the axial ligand (1,247, O =
A) or with O as the equatorial ligand (/,2,4usn3, O = E).

ported by experiments and based on Fel! complexes of tetraden-
tate bispidine ligands (bispidines are rigid amine/pyridine
ligands; see Figure 1), three pathways for the formation of the
active catalyst from the Fe!' precatalyst were studied in detail.!?
One leads to FeV=0 via an Fe'! intermediate, and the other
two produce Fe'V=0 ferryl complexes. It followed that the direct
conversion of Fell to Fe!V is the preferred route, and the ferryl
complexes were shown by DFT and by experiment to be
efficient oxidants for alkenes.!®

Generally, the mechanism for iron-catalyzed alkane hydroxy-
lation can be separated into two components, a C—H bond
cleavage and a C—O bond formation step (see eq 1). At one
extreme, the two steps may occur in a concerted fashion; that
is, the oxygen atom is formally inserted into the C—H bond, or
the C—H bond is cleaved to form an alkyl radical, which then
is immediately trapped to form the C—O bond. Such a concerted
mechanism was observed for the cytochrome P450 and methane
monooxygenase (MMO) enzymes.!”!® At the other extreme, the
two steps (C—H cleavage and reaction of the resulting radical)
are well-separated in time, so that the long-lived alkyl radical
can be trapped by other species in solution. For example,
Fe(BLM) (BLM = bleomycine) affords distinct DNA oxidation
products that depend on the presence or absence of 0,.1972!
Therefore, the lifetime of the nascent alkyl radical and its
consecutive reactions are symptomatic for the type of mecha-
nism involved.

R—H+Fe=0—R"+Fe—OH—R—-OH+Fe (1)
Another important aspect is the type of oxidant in the initial
step of the alkane hydroxylation, that is, whether it is a metal-

UJ 2008 American Chemical Society

Published on Web 09/23/2008



Cyclohexane Oxidation by an Iron Bispidine Complex

based oxidant (and if so in which oxidation state the iron center
is) or an O-based radical (OHe or ORe). The former, for
example, in cytochrome P450 and MMO, produces short-lived
alkyl radicals; the latter leads to longer-lived alkyl radicals,
which diffuse freely in solution, and in the presence of O, a
radical chain oxidation may be initiated. The alcohol/ketone ratio
(a/k) reflects the lifetime of the alkyl radical to some extent.
With long-lived alkyl radicals of secondary alkanes such as
cyclohexane, these are trapped by O, to produce alkylperoxyl
radicals,”> which in a Russell-type termination step yield
equimolar amounts of alcohol and ketone.”? Alkyl radicals
formed by metal-based oxidants react quickly with the metal
center in the oxygen rebound mechanism,?* and this has an
estimated rate constant of 1010~1013 712526 Alcohols are
expected to be the only product of the rebound process, but
ketones may also be observed because of the further oxidation
of the alcohol product.

Well-studied nonheme iron model systems are those of the
tetradentate pyridine-based ligands [Fe(tpa)(NCCH3),]>" and
[Fe(bpmen)(NCCHj3),]%*.2728 Both are efficient catalyst systems
with 40—70% of H,O, converted to the products. The high a/k
ratios are independent of the presence of O,, and high kinetic
isotope effects (KIE > 3) for the cyclohexane oxidation indicate
that the mechanism involves a metal-based oxidant and short-
lived alkyl radicals. The reaction with the closely related
pentadentate ligand catalyst [Fe(N4py)(NCCH3)]*" shows a
significantly different reactivity pattern; the oxidation of cy-
clohexane is accompanied by a KIE of only 1.5 and a low a/k
ratio (1.4), which also varies in the presence of 0,.2%3 This
suggests that hydroxyl radicals and long-lived alkyl radicals play
an important role in these reactions. From the observed reactivity
pattern, the decomposition of [Fe(tpa)(OOH)]** appears to
result in O—O bond heterolysis, with no OHe radicals
involved and leading to an FeV=0 oxidant. This pathway is
excluded by the reactivity patterns of the pentadentate ligand
system. It was concluded that the presence of two labile sites
on the metal center is a key feature for the reactivity of the
[Fe(tpa)(NCCHj3),]*t and [Fe(bpmen)(NCCHj3),]>t systems.

Here, we report a combined experimental and computational
study of an Fell-based catalyst system with a tetradentate
bispidine ligand (see Figure 1). The focus is on the computa-
tional part of the study, and particular emphasis is put on the
thermodynamics and kinetics of the formation and the reactivity
of the FelV=0 and FeV=0 complexes in all possible spin states.

Experimental Section

Oxidation Experiments. The bispidine ligand L and the
corresponding iron(Il) complexes were prepared as described
before.3! Typical conditions for the oxidation of cyclohexane
are given here for the reaction with H,O, as oxidant (there are
small differences dependent on the oxidant and the type of
reaction, i.e. stoichiometric or catalytic, ambient or anaerobic
atmosphere). A 30% aqueous solution of H,O; (210 umol) was
slowly added (over 30 min) via a syringe pump to a solution of
cyclohexane (2.1 mmol) and the catalyst (2.1 gmol) in MeCN
(3 mL) at 25 °C. The solution was stirred for 5 min after the
addition of H»O, was complete. All product mixtures were
filtered over a short silica plug before GC analysis on a Varian
3900 instrument, equipped with a ZB-1701 column. The
products were quantified relative to naphthalene as internal
standard.

Computational Details. All calculations were performed with
DFT, using the Jaguar 6.5 program package.’> The B3LYP
functional®3% and LACVP basis set (double ¢, with a Los
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Alamos effective core potential for the Fe center, and 6—31G
for the other atoms) were used.3%37 The geometry optimization
with this basis allows a pseudo-spectral optimization algorithm,
and as a result, the calculations are robust even with relatively
large molecules.’® All intermediates were confirmed by fre-
quency calculations as minima on the potential energy surface,
and this was done with Gaussian 03.323° To obtain reliable
energetics, single point calculations were performed on the
B3LYP/LACVP-optimized geometries, using the LACV3P++**
basis set (LanL2DZ on the Fe center and 6—311++G** on
the remaining atoms). The quoted energies are those calculated
at the BALYP/LACV3P++** level and include zero point and
free energy corrections (the latter two are derived from the
B3LYP/LACVP calculations). Single point calculations on
the B3SLYP/LACVP geometries were also performed with the
polarized continuum model (PCM)*~% with acetonitrile as
solvent. Differences due to solvation are minimal (<=£15 kJ/
mol), and they do not affect the trend to that obtained at the
B3LYP/LACVP level. The effects of MeCN as solvent are
therefore neglected in the data discussed here.

Results and Discussion

Cyclohexane Hydroxylation Experiments. The activity of
the Fe'l complex of the tetradentate bispidine ligand L, [(L)Fe™
(solvent),]?>" (see Figure 1), for the oxidation of cyclohexane
with O,, H>O,, and iodosyl benzene (PhIO) was examined, and
the experimental results are summarized in Table 1. Note that,
in contrast to most other model studies discussed in the
introduction, the precatalyst is in the +II oxidation state and a
high-spin electronic configuration (the corresponding Fe'
complexes are generally less stable). The standard conditions
used are MeCN solutions (3 mL) at 25 °C, anaerobic environ-
ment (Ar), 30 min reaction time and catalyst/oxidant/substrate
(cyclohexane) ratios of 1:100:1000 in the catalytic reactions or
1.0 equivalent of the oxidant and a 100-fold excess of the
substrate in the stoichiometric reactions. The catalytic oxidation
of cyclohexane, using [(L)Fe'(solvent),]*" as precatalyst and
H,0 as oxidant, yields 34 turnovers (entry 1; maximum of 100
turnovers, i.e. a yield of approximately 35%) with a 4:3 excess
of alcohol over ketone product, and these are reactivities and
selectivities which are between those of the tpa- and N4py-
based iron catalyst systems. That is, metal-based oxidants seem
to be of importance, but pathways based on hydroxyl radicals
and autoxidation might also be involved. lodosyl benzene was
therefore used as an alternative oxidant because PhIO is known
to selectively form [(L)Fe'V=O(solvent)]**, while H,O, may
lead to active Fe!¥ and FeV species.!® Interestingly, the reaction

TABLE 1: Experimentally Observed Products of the
Iron-Bispidine-Catalyzed Oxidation of Cyclohexane

entry experimental conditions” alcohol” ketone”

1 H,0,, argon 20 14

2 H,0,, air 13 12

3 O, from air (18 h) 1 3.5

4 PhIO, argon (18 h) 0.9 1

5 PhIO¢, argon 16% 4.5%
6 PhIO¢, air 26% 15%

7 PhIO“4, argon 0% 0%

8 PhIO<, air 0% 0%

91000 eq. cyclohexane/100 eq. oxidant/leq. catalyst; reaction
time of 35 min, CH;CN 298 K (unless otherwise specified). » For
catalytic reactions: TON = mol product per mol catalyst; for
stoichiometric reactions: % yield. ¢ Stoichiometric reaction (1.0 eq.
oxidant; 100-fold excess of substrate). ¢ MeOH as solvent.
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of [(L)Fe'(solvent),]** with PhIO did not show a significant
catalytic activity (entry 4), but in a stoichiometric reaction,
cyclohexane is oxidized by the Fe'/PhIO system, primarily to
cyclohexanol in up to 40% overall yield (entries 5,6). The
difference in the a/k ratio between the H,O, and the PhIO
reactions (entry 1 vs entry 5) indicates that there are different
pathways involved, for example, FeV versus Fe!V. The increasing
yield in the presence of O, (a’/k of approximately 1:1, entry 5
vs entry 6) indicates a significant lifetime of the cyclohexyl
radical. This shows that [(L)Fe!'V=O(solvent)]>" is an active
oxidant; possible reasons for the lack of catalytic activity are
that the catalytic cycle with H,O, as oxidant follows another
pathway (e.g., involving FeV=0) or that the product (cyclo-
hexanol) inhibits the catalysis under the conditions used in the
PhIO experiments. To test the latter possibility (inhibition by
alcohols), MeOH was also used as solvent instead of MeCN in
the stoichiometric reaction with PhIO (entries 7,8). The oxidation
of cyclohexane to cyclohexanol ceases when MeCN is substi-
tuted by MeOH. Whether this means that alcohols (including
cyclohexanol) inhibit the oxidation reaction or that MeCN
(coordinated to the iron center) is required in the catalytic cycle
cannot be decided on the basis of the current experimental data.

Altogether, the experimental data are not unambiguous with
respect to the assignment of mechanistic pathways. It is clear
that more experimental data are needed for a more thorough
analysis, and this will be reported elsewhere in due course. The
general conclusions from the experimental data from Table 1
and the basis for the computational study are as follows. The
pathways using H,O, and PhIO as oxidants are clearly different.
Specifically, it appears that the PhIO oxidation, leading to
FelV=0, produces a cyclohexyl radical of significant lifetime
(auto-oxidation at ambient atmosphere; entries 5,6), and this
does not seem to be the case with H>O, as oxidant (entries 1,2).
The stoichiometric reactions with PhIO as oxidant and MeOH
as solvent (entries 7,8) seem to confirm that alcohols inhibit
the catalytic oxygen transfer (see entry 4). However, MeOH is
also known to trap radicals. Therefore, an interpretation of the
solvent dependence observed here is not unambiguous with the
limited amount of experimental data.

Because of ambiguities emerging from the experimental data,
DFT calculations are used to further elucidate the catalytic
pathway. The computational studies involve the usual putative
intermediates and transition states (hydrogen abstraction to a
radical intermediate, followed by a radical rebound process) in
all possible spin states and including the [(L)Fe!Y=0(OH)]"
and the [(L)FeV=0(OH)]?>" species as possible oxidants.!>*3
The methods used are those used before for the computational
analysis of high-valent iron-bispidine systems, where we have
done some benchmarking to ascertain that the spin state ordering
is correct and that other spin states are unimportant,!'>16:4445

Cyclohexane Hydroxylation Catalyzed by [(L)FeY=0-
(OH)]*. The two isomers of [(L)Fe™Y(O)(OH)]* (see Figure 1),
with the ferryl oxygen trans to N7 (/,ansn7) O trans to N3
(1 1ransn3), were optimized in the intermediate-spin (S = 1) and
high-spin (S = 2) electronic configurations. The isomer with
the ferryl oxygen trans to N7 ({;qsn7) is calculated to be slightly
more stable than the trans to N3 geometry, but the energy
difference of only 2 kJ/mol is not significant. The energy gap
between the two electronic configurations with the high-spin
state lower in energy by 20—30 kJ/mol is significant and as
expected on the basis of an earlier investigation.** The key
geometric parameters with Fe—N7 considerably longer than
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TABLE 2: Selected Geometric Parameters (Bond Distances
in Angstroms) and Spin Densities for 1,,,,v7 and 1,4,sy3 in
the S = 2 and S = 1 Spin States; Relative Energies in
Kilojoules per Mole

AE
Fe—N7 Fe—N3 Fe—01 Fe—02 S(Fe) S(O1) S(O2) (kJ/mol)

[(L)FeV=0(OM1" Iyansn7

S=2 230 223 1.65 1.83 3.0 0.66 017 +0.0

S=1 234 2.08 1.65 1.88 123 086 —0.06 +33.7
[(LFeV=0(OM)]* Iyansvs

S=2 233 2.18 1.83 1.65 3.02 0.17 063  +22

S=1 1228 2.11 1.88 1.65 128 083 —0.09 +239

Fe—N3 and the bonds to the in-plane pyridine groups are as
expected® and are listed together with the relative energies in
Table 2.

The assumed mechanism is shown in Figure 2. We first
concentrate on the activity of [(L)Fe!V=0(OH)]"; that of the
corresponding FeV catalyst system will be discussed later. The
stability and reactivity of the Fe!V species was examined for
both isomers (1 yansnv7 and 1,4n5n53) in both spin states each (S =
1 and S = 2). All energies are quoted relative to the S = 2
ground state for both isomers. The hydrogen abstraction and
subsequent rebound steps were modeled by a stepwise variation
of the H—O1 and C—Ol distances.

The computed energy profile of the two reaction steps relative
to the 1,qnsv7 species in the S = 2 spin ground state is shown
in Figure 3 (detailed geometries and spin densities of all species
involved are given as Supporting Information). One of the axial
hydrogen atoms of cyclohexane is transferred to the ferryl
oxygen atom to yield an Fe'l intermediate and an alkyl radical
(rad). On the S = 2 spin surface, this step is associated with a
linear transition state (ts/; E = +47.8 kJ/mol; C—H—O angle
of 174.8 A, Fe—O—H angle of 175.0 A; see Figure 4; linear
Fe—O--+H--*R transition states on quintet surfaces were found
before*”). Similar to /;4nsv7, the computed geometry of £s/ has
a significantly elongated Fe—N7 bond (2.60 A). Formally, the
hydrogen abstraction reduces the Fe!V center to Fe (one
electron from the corresponding cyclohexane carbon atom is
transferred to the iron center), and this also emerges from the
calculated spin densities of ts/ (S(Fe = 3.78, S(O1) = 0.13,
S(02) = 0.29, see Figure 4). ts/ decays to the radical
intermediate rad, where the unpaired electron of the cyclohexyl
carbon atom couples with the five d electrons of the Fe' center;
ferromagnetic and antiferromagnetic coupling lead to a heptet
(radpepier, E = +1.2 kJ/mol, S(Fe) = 3.97, S(C) = 0.99) and a
quintet state (radguiner, E = 0.4 kJ/mol, S(Fe) = 3.96, S(C)
= —0.95), respectively (see Supporting Information for struc-
tural parameters). The rebound step was modeled by a stepwise
variation of the C—O distance. A transition state was found on
the heptet surface (52, E = +103.2 kJ/mol, S(Fe) = 4.06, S(O1)
= 0.17, S(02) = 0.36, S(C) = 0.42), which is +55.4 kJ/mol
higher than the hydrogen abstraction transition state, ts/ (see
Figure 3). The spin density analysis shows that the radical
electron is approaching the Fe' center, and this eventually yields
the Fel rebound product species. The heptet surface is expected
to produce the rebound product (E = +7.6 kJ/mol) with six
unpaired electrons (S = 3). Therefore, the modeled rebound
product on this surface is associated with spin densities of 4.05
for Fe, and the remaining spin density is delocalized over the
coordinated donor atoms. In contrast to the radical intermediate
on the heptet surface (radjeper), the radgine: intermediate, which
is slightly lower in energy (effectively, the two spin states are
degenerate, see Figure 3) directly leads in a barrier-less reaction
to the rebound product (E = —187.0 kJ/mol, S(Fe) = 3.69) in
the electronic ground state (S = 2).
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reactant

[(L)FeV=0O(OH)]**).

rebound ts2
Figure 2. Assumed mechanism for the cyclohexane hydroxylation by [(L)Fe'V=O(OH)]" (the same mechanistic pathway was used for
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Figure 3. Cyclohexane hydroxylation catalyzed by [(L)Fe!Y=0(OH)]*

The S = 1 spin surface was also modeled, and the results
are included in Figures 3 and 4. The main structural
differences between the two spin surface are related to the
Fe—N7 distances: in the S = 1 spin state, the Fe—N7 bond
is comparably short (2.31 vs 2.60 A, see Figure 4), and this
is due to subtle effects related to a the combination of the
trans influence excerted by OH™ and Jahn—Teller-type effects
on the high spin surface.** The geometric differences are also
reflected in the energies, and as a result, the hydrogen

(-151.7)

, Lyansv7 (energies in kilojoules per mole, free energies in parenthesis).

abstraction step on the intermediate-spin surface is found to
have a high barrier (E = +112.8 kJ/mol), 65.0 kJ/mol higher
than for the S = 2 pathway. Another possible reason for the
exceedingly high energy barrier is the geometry of #s/, which
has longer C—H (1.33 /&) and shorter O—H distances (1.22
A) compared with those on the S = 2 surface (late vs early
transition state). The rebound transition state #s2 on the triplet
surface is lower in energy by 31.4 kJ/mol less than that found
on the heptet surface (ts2, E = 71.8 kJ/mol). Consistent with
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Figure 4. (a) Transition states for hydrogen abstraction and rebound steps for /.7 on the S = 2 surface; (b) the corresponding transition states

on the S = 1 surface.

the radginie: intermediate, the rad;iyge Species directly yields
the rebound product in a barrier-less process.

The combined analysis of S = 2 and S = 1 pathways suggest
that the oxidation of cyclohexane preferably occurs on the high-
spin surface (S = 2). This is as expected from studies with other
systems.*$739 The rebound step is barrier-less on the quintet
surface, and the two spin states of the intermediate (radyepres
and radguiner) are almost degenerate. Therefore, the initial
radpeprer Species can readily interchange to radguiner to yield in
a barrier-less second step, the thermodynamically most favorable
product. Overall, the S = 2 pathway is associated with activation
and reaction energies of +47.8 and —187.0 kJ/mol, respectively.
As the degree of disorder decreases along the pathway, the effect
of entropy is destabilizing (approximately (+30)—(+40) kJ/
mol) on both spin surfaces.

Both S =1 and S = 2 spin states were also modeled for the
other possible isomer, /45nv3 (see Figure 5). As expected, here
also the S = 2 spin state is more stable (by +21.7 kJ/mol). The
hydrogen abstraction on this spin surface occurs with a low

energy barrier (ts/, E = +23.2 kJ/mol), 24.6 kJ/mol lower in
energy than that for the /;,,sv7 isomer. The hydrogen abstraction
leads to the formation of the radical intermediate, where the
heptet (radjeprer; E = —19.9 kJ/mol, C—H = 2.16 A) and quintet
states (radguinter; E = —21.4 kJ/mol, C—H = 2.04 A) are close
to degenerate. Here again, the heptet surface is associated with
a high energy transition state (ts2, E = +102.1 kJ/mol; S(Fe)
= 4.05, S(O1) = 0.18, S(02) = 0.39, S(C) = 0.40), while the
quintet surface has no transition state for the rebound step.
Similar to /;4nsnv7, the rebound step on the heptet surface has a
higher activation energy by 78.9 kJ/mol more than the initial
hydrogen abstraction step, and the rebound product with 6 and
4 unpaired electrons is formed with energies of +33.0 and
—171.8 kJ/mol, respectively. Consistent with the results of the
1 1ransn7 1somer, the hydrogen abstraction step on the S = 1 spin
surface is associated with a higher energy barrier (by +70.8
kJ/mol) more than that of the S = 2 pathway. In the subsequent
rebound step, the triplet surface has a barrier of 86.0 kJ/mol,
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Figure 5. Cyclohexane hydroxylation catalyzed by [(L)Fe'V=0(OH)]", I,amsv; (energies in kilojoules per mole, free energies in parenthesis).

TABLE 3: Activation and Reaction Energies (Kilojoules per
Mole) of [(L)FelV=0(OH)]* on the S = 2 Surface

complex AE* AG* AERE AGrg
Liransny +47.8 +82.8 —187.0 —151.7
1 iransn3 +23.2 +65.4 —171.8 —135.1

and the reaction on the singlet surface is barrier-less. The overall
trends for both isomers 7qusv3 and 1q5n7 are very similar.

The activation and reaction energies of /,qnv7 and 1ansn3
on the S = 2 spin surface are listed in Table 3. As discussed
above, entropy effects in general lead to a destabilization of
the transition states, intermediates, and products. However, the
entropy contributions are similar for both isomers. /4,5v3 has
a lower activation energy than the slightly more stable 1,,4n5v7
isomer; the overall reaction is slightly more exothermic for
1ransn7 than for 1,,4,.v3, but the energy differences are generally
small. It emerges that the system /,4usn3/ 1 iransn7 18 an efficient
catalyst for the cyclohexane hydroxylation.

Cyclohexane Hydroxylation Catalyzed by [(L)FeY=0-
(OH)]?*. From the different reactivities of the system with H,O,
and PhIO as oxidant (see above and Table 1) it appears that
various pathways are involved, possibly including Fe'V=0 as
well as FeV=0 and radical intermediates of variable lifetime.
However, the limited amount of experimental data does not
allow an unambiguous assignment of the oxidation state of the
catalytically active species. Therefore, the activity of
[(L)FeV=0O(OH)]** was also examined and compared with the
corresponding Fe!V system. Similar to [(L)Fe'V=0(OH)]+, the
isomers of [(L)FeV=0(0H)1*" (2yunsvy and 2amsnz) were
modeled with the two possible spin states, S = 3/2 and S =

1/2. The metal-donor bonds of [(L)FeV=O(OH)]*" are, as
expected, in general slightly shorter than those of the corre-
sponding FelV complex (see Tables 2 and 4). The most
significant differences occur in the Fe—N7 and Fe—N3 dis-
tances, which are 0.1—0.2 A shorter than those in
[(L)FeV=0(OH)]". For both isomers (2 4usn7 and 2yansn3), the

TABLE 4: Selected Geometric Parameters (Bond Distances
in Angstroms) and Spin Densities for 2,,,sv; and 2,,,sv; in
the S = 3/2 and S = 1/2 Spin States; Relative Energies in

Kilojoules per Mole

AE
Fe—N7 Fe—N3 Fe—01 Fe—02 S(Fe) S(O1) S(02) (kJ/mol)

[(L)FeV=O(OH)I** 24ansv7

S=3/2 225 2.05 1.67 179  1.69 1.13 028 +33

S=12 223 2.04 1.69 1.79  0.12 132 —042 +493
[(L)FeY=O0(OH)I** 2yrunsns

S=372 223 2.06 1.80 1.67 179 109 024 +0.0

S=1/2 219 2.05 1.80 1.68 0.19 126 —048 +49.6

S = 3/2 spin state is found to be the ground state, and this is
stabilized by +45.9 kJ/mol and +49.6 kJ/mol, respectively.
Figures 7 and 8 show the computed pathways for the
cyclohexane hydroxylation by the two isomers of [(L)FeV=0-
(OH)I*", 24ansv7 and 2yansn3; geometric parameters of the
computed structures are given in Figures 7 and 8 and in Table
5. The behavior of the two FeV complexes is very different from
that of the corresponding FelV catalysts. For 2,,4,5v7 and 2,unsn3,
the hydrogen abstraction directly leads to the rebound product,
without forming a radical intermediate. The spin densities on
ts] uansv7: S(Fe) = 1.69, S(O1) = 0.73, S(02) = 0.21, S(C)
= 0.37; 24ansn3: S(Fe) = 2.73, S(O1) = 0.06, S(02) = 0.61,
S(C) = —0.09) show some radical character on the carbon
atoms, but these do not decay into radical intermediates and
instead directly lead to the rebound products. For 24,7, ts1 is
computed to have an energy barrier of 11.9 kJ/mol, and this is
35.9 kJ/mol lower than that for /.7 on the prefered S = 2
spin surface. This is probably due to the early transition state
ts] (C—H = 1.25 A, O1—H = 1.36 A) in 2aun7 Where the
C—H distance is 0.01 A shorter and the O1—H distance is 0.08
A longer than in #s/ of the FelV catalyst /,4,sv7. The situation
for the isomer 2,,,y;3 is very similar, with the shorter C—H
distance (1.14 A) and longer O2—H distance (1.80 A) compared
with that in /4,3 A comparison of Figures 7 and 8 indicates
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Figure 7. Cyclohexane hydroxylation catalyzed by [(L)FeY=0(OH)]*",
24ansv7 (energies in kilojoules per mole, free energies in parenthesis).

that the more stable isomer 2;,4,sv3 1S associated with a lower
activation energy (AE* = +0.4 vs 11.9 kJ/mol, AG* = +39.3
vs 51.7 kJ/mol), but the overall reaction is thermodynamically
less favorable by over 20 kJ/mol than for 2,7. This is
consistent with the results obtained for the catalyst in the +IV
oxidation state, /;qnsnv3 VErsus 1 ansn7.

Interestingly, the S = 1/2 spin state for 2,,,,n7 has a very
flat potential energy surface with a small barrier of +3.2 kJ/

TABLE 5: Selected Geometric Parameters (Bond Distances
in Angstroms) and Spin Densities for the Rebound Products
of 244usnv7 and 244n5n3 in the S = 5/2, 3/2 and 1/2 Spin States

Fe—N7 Fe—N3 Fe—Ol Fe—02 S(Fe) S(O1) S(02)

rebound products for 257
S=1512 236 2.25 2.16 1.79  4.03 0.06 0.44
S=3/2 239 2.06 2.32 1.78 275 0.03 0.19
S=1/2 215 2.07 2.06 1.80 090 -—-0.01 0.17
rebound products for 2;umsv;3
S=1512 247 2.22 1.80 2.09 4.01 047 0.07
S=32 222 2.23 1.81 2.16  2.85 0.02 0.05
S=1/2 224 2.01 1.81 2.05 094 0.15 0.00

mol for hydrogen abstraction (no transition state was found for
2ansv3)- Inclusion of zero point corrections further stabilizes
the transition state; that is, the barrier on the S = 1/2 spin surface
is extremely flat. Therefore, a spin transition to the S = 1/2
surface may occur before the transition state zs/. However, the
reactant on the S = 1/2 surface is very high in energy (446
kJ/mol). Therefore, a spin transition is very difficult, and the
reaction probably occurs on the S = 3/2 spin surface. The
rebound products with S = 5/2, 3/2, and 1/2 spin states were
computed, and the one with S = 5/2 is the most stable (£ =
—354.2 kJ/mol, see Table 5).

Comparison of the Pathways Involving [(L)Fe!'V=0(O-
H)]™ and [(L)FeY=0(0OH)]>" (1 and 2). The data discussed
so far indicate that cyclohexane hydroxylation for both oxidation
states of the catalyst preferably occurs via the O trans to N3
isomer on the high-spin surfaces, [(L)FelV=0(OH)]* (S = 2)
and [(L)FeV=0(OH)]** (S = 3/2). The corresponding pathways
will now be compared with each other. Table 6 shows that
[(L)FeV=0(OH)]*>" (2;;ansn3) has a very low activation energy
barrier for cyclohexane hydroxylation (the barrier AE*, for
1ransn3 18 larger by over 20 kJ/mol). The same trend is seen for
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TABLE 6: Activation and Reaction Energies of
[L)Fe™Y=0(0OM)]" 1yunsv3 and [(L)FeV=0(OH)*" 2yunens;
Energies in Kilojoules per Mole

complex AE AG* AERE AGRrEg
L iransn3 +23.2 +65.4 —171.8 —135.1
2rans3 +0.4 +39.3 —332.8 —296.3

TABLE 7: Activation and Reaction Energy for the
Oxidation of [(L)Fe''(NCCHj;),]*" (S = 2); Energies in
Kilojoules per Mole

Pathways AE* AG* AERE AGRrEg

[(L)Fe'"(NCCH3),)*" —  +224.1 +186.8 +69.5 +34.6
]mmij‘ (s = 2)

[(L)Fe"(NCCH3),2t —  +222.9 +1644 +1488 +89.7
21ransN3 (S = 3/2)

[(L)Fe'"(NCCH3),)*" —  +223.8  +200.5 +30.2 —5.05

3:/‘(msNJ‘ (S = 2)

the free energy of activation. In addition, the rebound product
in its electronic ground state is thermodynamically more stable
on the FeV- than on the FeV-catalyzed pathway. Alltogether,
the energetics suggest that [(L)FeV=0(OH)I*", 2,umsn3. is
catalytically more active than [(L)Fe™V=0(OH)I", I unsn3-

However, the preferred pathway also depends on the acces-
sibility of the catalytically active species with respect to the
precatalyst, [(L)FelNCCH3),]?>" (the species involved in the
catalytic cycle for the Fe'/Fe!V system are given in Figure 2,
for the Fel/FeV cycle the corresponding species all have a +1
higher charge). A detailed DFT study (B3LYP/TZVPP) of the
oxidation of [(L)Fe'(NCCHj3),]>" by H,0O5 has been carried out,
and three different pathways have been considered: [(L)-
Fel'(H,0,)(NCCH3)]?* (S = 2) to produce [(L)FeV=0(O-
H)I+ (S = 2), Liyansvs, [(L)FeY=0(0H)I** (S = 3/2), 2iansns,
and [(L)FeV=0(0OH,)]** (S = 2), 3yasn3.>' The energies for
the transformation of the Fel' precatalyst to the putative active
forms have been recalculated at the B3LYP/LACV3p+-+**
level. Table 7 shows the activation and reaction energies for
the production of 7,4nsn3, 2ransnzs and 3pansns. All three pathways
involve similar activation enthalpies (approximately 220 kJ/mol);
that is, it is impossible to derive any kinetic preference from
these data. However, the free energy corrections reduce the
activation barrier for 2,453 (the FeV species) to a more than
20 or nearly 40 kJ/mol lower value than for the other two
pathways. With respect to the thermodynamic stability, the FelV
catalysts are preferred by at least 50 kJ/mol. From Table 7, it
follows that entropy plays an important role, especially in the
case Of 2yunsn3. Kinetically, the reaction from [(L)Fel-
1(NCCH3)2]?" t0 24ansn3 is favored compared with those forming
Liransnz and 3gransv3. Thermodynamically, it is uphill by +55.1
kJ/mol and +94.7 kJ/mol compared with 7,4,sv3 and 3ansns,
respectively.>?

Conclusion

Thermodynamically, the FelV complexes are more stable than
the FeV catalysts (by about 50 kJ/mol, see Table 7). However,
the activation barriers from the Fell precatalysts are smaller
for the FeV complex by approximately 20 kJ/mol (see Table
7). The barriers for C—H activation for both oxidation states
are smaller (65 kJ/mol for Fe!V and 40 kJ/mol for FeV) than the
back reactions (150 and 70 kJ/mol, respectively; see Tables 3,
6, and 7). From the computed data, it therefore appears that
both [(L)FeV=0O(OH)]* and [(L)FeV=O(OH)]** (and also
[(L)FelV=0(OH,)]**, depending on the solvent and the acidity
of the solution; the trans to N3 isomers in all cases) are efficient
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Figure 8. Cyclohexane hydroxylation catalyzed by [(L)FeY=0(OH)]**,
24ansn3 (energies in kilojoules per mole, free energies in parenthesis).

catalysts for C—H activation and oxygen transfer. On the basis
of the present data and including error limits of up to 10—20
kJ/mol>? and appreciable solvent effects,'® the two pathways
may compete. And this is exactly what the experiments
suggested. The Fe!Y route, enforced by a stoichiometric reaction
with PhIO as oxidant, seem to involve cyclohexyl radicals of a
significant lifetime, while this does not seem to be the case in
the HyO,-initiated reaction, which might involve FeV=0 as the
catalytically active species.
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