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ABSTRACT: We report the first direct experimental
evidence showing that a high-spin iron(III)—hydroperoxo
complex bearing an N-methylated cyclam ligand can
oxidize thioanisoles. DFT calculations showed that the
reaction pathway involves heterolytic O—O bond cleavage
and that the choice of the heterolytic pathway versus the
homolytic pathway is dependent on the spin state and the
number of electrons in the d,, orbital of the Fe'"~OOH
species.

lucidation of the nature of reactive intermediates in the

catalytic cycles of dioxygen activation and oxygenation
reactions by heme and non-heme iron enzymes has been the
subject of intense research in bioinorganic and biological
chemistry. High-valent iron—oxo species, such as Fe'VO
porphyrin 7-cation radicals in cytochrome P450 (P450) and
non-heme FelVO intermediates, have been invoked as active
oxidants that effect the oxygenation of organic substrates."” In
biomimetic studies, it has been demonstrated that FelVO
complexes are strong oxidants that can oxygenate various
organic substrates, such as in hydroxylation and sulfoxidation
reactions.’

In addition to Fe'VO intermediates, iron(IIT)—hydroperoxo
(Fe™—OOH) species have been proposed as a “second
electrophilic oxidant” in oxygenation reactions,” particularly
in the sulfoxidation of thioether substrates by P450 and its
analogues.® Fe''=OOH species have also been proposed as
active oxidants in non-heme iron systems, including bleomycin,
Rieske dioxygenases, and synthetic iron catalysts.” However,
experimental evidence against the Fe'—OOH species as a
“second electrophilic oxidant” recently appeared in iron model
reactions.” In addition, computational studies by one of us” have
shown that Fe"—OOH species are sluggish oxidants in
oxygenation reactions, including in sulfoxidation by the Fe'—
OOH porphyrin species known as Compound 0 (Cpd 0) in
P450. Thus, there has been an intriguing, continuing controversy
over the involvement of Fe''~OOH species as a “second
electrophilic oxidant” in the reactions of heme and non-heme
iron enzymes and their model compounds.*~®

Recently, a high-spin (HS) Fe"'~OOH complex bearing a
macrocyclic N-methylated cyclam as a supporting ligand,
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[(TMC)Fe"(OOH)]** (1) (TMC = 1,4,8,11-tetramethyl-
1,4,8,11-tetraazacyclotetradecane), was synthesized and charac-
terized with various spectroscopic methods.'® Interestingly, this
HS Fe'"—OOH complex showed reactivities in nucleophilic and
electrophilic reactions,"* providing direct experimental evidence
for the involvement of HS Fe"—OOH complexes in the
oxidation of organic substrates. More recently, the reactivities of
HS and low-spin (LS) non-heme Fe'—=OOH complexes in H-
atom abstraction (HAA) reactions were investigated exper-
imentally and theoretically, and HS Fe''—~OOH was found to be
an active oxidant in HAA."!

As mentioned above, the involvement of Cpd 0 in
sulfoxidation by P450 and its analogues has been debated over
two decades.’ Similarly, no direct experimental evidence for the
involvement of Fe''—OOH species as active oxidants in oxygen-
atom transfer (OAT) reactions has been obtained using non-
heme iron models. We now report that the HS Fe''~-OOH
complex 1 is a competent oxidant in the oxidation of sulfides to
give the corresponding sulfoxides. In contrast, a LS Fe'~OOH
complex was found to be a sluggish oxidant in sulfoxidations. The
mechanisms of sulfoxidation by 1 in addition to LS Fe™—OOH
complexes were investigated by density functional theory
(DFT)," leading to a proposed heterolytic O—O bond-breaking
transition state (TS) in the OAT reaction by 1 (Figure 1).

Experimental studies. Complex 1, which was prepared by
adding 10 equiv of HCIO,, to a solution of [(TMC)Fe(0,)]" in
3:1 acetone/CF;CH,0OH at —20 °C, decayed with a rate

Figure 1. DFT-optimized transition state for the sulfoxidation of
thioanisole by 1. H atoms except for O—H have been omitted for clarity.
Atom colors: Fe, purple; N, blue; O, red; S, yellow; C, grey; H, white.
The Fe—0, O—0, and O—S distances (in A) are shown.
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Figure 2. (a) UV—vis spectral changes showing the conversion of
[(TMC)Ee™(0,)]* (1 mM, blue line) to [(TMC)Fe(OOH)]** (1)
(red line) upon the addition of 10 equiv of HCIO, and the reaction of 1
with 4-methoxythioanisole (4-MTA) (100 mM) in 3:1 acetone/
CF;CH,OH at —20 °C. The inset shows the time courses of the
absorbance changes for 1 at 526 nm for the natural decay (black A) and
the reaction with 4-MTA (red @). (b) Plots of (left) log k, vs o,
(Hammett plot) and (right) log k, vs E,, for p-X-C4H,SCHS,.

constant ky,, = 3.3 X 107 s' (Figure 2a inset), forming
[(TMC)Fe'(0)]*" (2) [Figure S1 in the Supporting
Information (SI)].'® Interestingly, upon the addition of 4-
methoxythioanisole (4-MTA) to the solution of 1, this
intermediate disappeared at a higher rate (ky, = 2.1 X 107257}
at —20 °C) under pseudo-first-order conditions (Figure 2a). The
rate constant increased linearly with increasing substrate
concentration (Figure S2 and Table S1). The reaction rate was
temperature-dependent; the Eyring plot between 233 and 263 K
was linear and gave the activation parameters AH¥ = 39 k] mol ™!
and AS* = =119 J mol™ K™! (Figure S3). When 1 was reacted
with para-substituted thioanisoles (p-X-CsH,SCH;, X = OCH,,
CH,;, F, H) to investigate the electronic effect of the substrate on
the sulfoxidation reaction, a p value of —1.1 was obtained from
the Hammett plot of the second-order rate constant (k,) versus
o," (Figure 2b, left panel; also see Figure S4 and Table S1). This
result indicates the electrophilic character of the hydroperoxo
group of 1 in the sulfoxidation of sulfides, as frequently observed
in sulfoxidation reactions by high-valent metal—oxo complexes.'
In addition, we observed a good linear correlation with a slope of
—2.5 when the rate constant was plotted versus the oxidation
potential (E,,) of p-X-C4H,SCH, (Figure 2b, right panel; also
see Table S1), suggesting that the oxidation of sulfides by 1
occurs via a direct OAT mechanism."

Product analysis of the reaction solution revealed that methyl
phenyl sulfoxide was formed as the sole product in high yield
(~80% based on the amount of 1 used), and the source of oxygen
in the sulfoxide product was found to be the hydroperoxo ligand
of 1 when the reaction was performed with "*O-labeled 1 (i.e.,
[(TMC)Fe™(**0'0H)]**) (Figure S5). In addition, by
analyzing the reaction solution with electron paramagnetic
resonance (EPR) spectroscopy and electrospray ionization mass
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spectrometry (ESI-MS), we found that an Fe" species was
formed as a major decomposed product of the Fe™ OH complex
resulting from the sulfoxidation reaction (Figures S6 and $7)."*

For comparison, the reactivity of the LS Fe"~OOH complex
[(N4Py)Fe™(OOH)]** (3) [N4Py = N,N-bis(2-pyridylmethyl)-
N-(bis(2-pyridyl)methyl)amine]'® was investigated in the
sulfoxidation reaction. Addition of 4-MTA to a reaction solution
of 3 in CH;OH at 25 °C did not have much effect on the rate of
disappearance of 3 (Figure S8),'° suggesting that the LS Fe'—
OOH complex is a sluggish oxidant for the oxidation of
thioanisoles.

The reactivity of 1 was also compared with that of the
corresponding Fe'YO complex 2. Interestingly, 1 (k, = 1.8 X 107"
M™!s™!) was more reactive than 2 (k; = 1.7 X 1072 M ™' s™) by a
factor of 10 in the oxidation of 4-MTA (Figure S9). However,
when the proton effect on the reactivity of non-heme Fe'O
complexes was considered,'” 2 was more reactive than 1 in the
presence of HCIO, (10 equiv relative to 2) (Figure S10). It is
worth noting that in contrast to Fe'O complexes, there was no
significant proton effect on the reactivity of the Fe''—OOH
complex in the sulfoxidation reaction (Figure S11).

DFT calculations. A deeper understanding of the reaction itself
was obtained using DFT calculations. As a starting point to
model 1, we used the published X-ray structure of [(TMC)-
Fe'"(0,)]*, wherein the TMC methyl substituents are cis to Fe—
00.'® Figure 3 shows the energetics of the sulfoxidation
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Figure 3. Calculated energy profiles for the sulfoxidation of thioanisole
by 1. While the S =/, state reacts via a stepwise, homolytic mechanism,
the S = 3/ , and 5/ , states react through a concerted heterolytic
mechanism.

reaction of thioanisole by 1 at the BALYP/LACVP**//LACVP
level'® including the CPCM" solvation correction (trifluor-
oethanol) as img)lemented in Gaussian 09.%° In agreement with
experiments,'”"" the S = %/, HS state of 1 was found to be the
ground state, with an Fe d-electron configuration of
dxyldledyzldxz_yzldzll. The coordinate system was defined with
the x axis along the O—OH bond and the z axis along the Fe—O
bond, and orbital mixing with the peroxide moiety was
disregarded for simplicity (see the DFT Section in the SI).
The lowest-energy reaction proceeds through a concerted
pathway in which O—O bond breaking occurs concomitantly
with formation of the bond to the S atom of the substrate (Figure
1). The Mulliken spin density distribution (Table S5) showed
that the leaving OH group has a spin of only 0.06 at the TS,
indicating that the bond breaking is heterolytic. Further orbital
analyses characterized the constituent groups at the TS as
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[Fe™O]* and OH" (vide infra). This reaction is followed by a
barrierless second step involving a return proton transfer (PT)
from OH to form [(TMC)Fe™'OH]**. The energy barrier for
this reaction was found to be 14.5 kcal mol™" (Figure 3); hence,
the reaction is feasible from a theoretical point of view, in
agreement with experiments. The S = ¥/, intermediate-spin (IS)
state (d,’d.'d,'d2_»'d°) was found to follow the same
reaction pathway but with a considerably higher TS (25.5 kcal
mol™!) and is therefore ruled out. Interestingly, computationally
the reaction of the S = !/, LS state (dxyzdxzzdyzldxz_yzodzzo) follows
a stepwise pathway with a distinct intermediate. The spin density
distribution on the leaving OH group corresponds to a half-
radical at the intermediate stage, with another half-radical on the
substrate S atom (Table SS). Together with orbital analyses, we
interpret these data as showing a homolytic O—O bond cleavage
that forms an [Fe'O]** compound with a loosely associated
HO-S moiety sharing an unpaired electron. In the second step,
the O—S bond is consolidated and a proton-coupled electron
transfer (PCET) occurs, forming [(TMC)Fe OH]*".

Even though the rate-limiting T'S for the LS state lies too high
to matter (31.7 kcal mol ™), it still poses a fundamental question
about the origins of this spin-state-dependent reactivity.
Therefore, an in-depth analysis of the orbitals involved in the
reaction was done in order to discern the factors that govern the
choice of heterolytic versus homolytic O—O bond cleavage.
Figure 4 describes the sulfoxidation reaction seen from an orbital-
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Figure 4. The most important orbitals involved in sulfoxidation by
Fe""—OOH. Blue and red arrows represent electrons present only in the
HS and LS configurations, respectively (black arrows denote electrons
present in both). The fate of the two electrons in the o, orbital is
different in homolytic (LS) and heterolytic (HS) bond breaking. This is
governed by the number of electrons in the Fe d,, orbital, which forms
7, and 7¥ orbitals with the p, orbital of the proximal O (see the text).

mixing point of view. We found that during O—O bond breaking,
the most important orbitals on the hydroperoxide ligand are the
doubly occupied o, bonding orbital and the unoccupied o
antibonding orbital (Figure 4, top center). During the O—O
bond breaking, these two orbitals split into their constituent p,
orbitals localized on each oxygen. The leaving OH group then
forms a bond with the substrate S atom (Figure 4, right), where
the orbital mixing results in a ogo bonding orbital and an ¥,
antibonding orbital. On the other hand, the p, orbital of the
proximal O mixes with the d,, orbital of the iron to form the 7,,
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bonding and 7% antibonding orbitals (Figure 4, left). If d,, is
doubly occupied, as in the LS case, its two electrons plus the one
coming from the peroxide o, orbital will create a three-electron
7./} system, whereas the remaining electron from the
peroxide o, orbital will follow the leaving OH group to populate
the o, orbital (ie, homolytic O—O bond breaking). This
electron will then follow the proton back to the [(TMC)-
Fe™O]** moiety in the PCET step. On the other hand, if d,, is
originally singly occupied, as in the IS and HS cases, the electron
deficiency in the 7.,/ 7, system will favor heterolytic O—O bond
breaking, in which both electrons in the peroxide o, orbital stay
with the proximal oxygen. The final step of the reaction is
therefore a pure PT. Hence, we find that the number of electrons in
the d,, orbital governs the choice of heterolytic versus homolytic O—0O
bond cleavage in sulfoxidation reactions. Although the above
description is a somewhat simplified view (see the DFT Section
text in SI), it is sufficiently useful to describe the underlying
principles governing the reactions in all of the calculations
presented here, including different spin states and ligands (vide
infra).

To assess the generality of the above description of the orbital
interactions, we also calculated the pathway for the sulfoxidation
reaction catalyzed by 3 (Figure S12 and Tables S3, S6, and S9).
The ground state of 3 was found to be the S = b , LS state, again
in accord with experiments.'"'® The rate-limiting TS:s here are
at 20.3,29.3, and 19.6 kcal mol™" for the LS, IS (S = 3/,), and HS
(S = °/,) states, respectively. The LS and HS TS:s are on the
verge of what is considered to be accessible for slow reactions,
leading to the prediction of a slow to no reaction using this
ligand, in agreement with our experimental results showing no
reactivity of this compound under the reaction conditions. Still,
the calculations showed the same homolytic/heterolytic path
selection depending on the occupation of the d., orbital as
described above. Interestingly, we find for the high-energy S =3/
2 state an example of a homolytic, concerted reaction, indicating
that the homolytic and heterolytic bond breakings are not always
equivalent to stepwise and concerted mechanisms, respectively.
The pathway selection rule is kept for a third tested ligand (TPA,
tris(2-pyridylmethyl)amine) (see SI, Tables S4, S7, and S10).

The above results can be put in a further general context. In a
recent theoretical work'' using 1 and 3 for C—H activation
reactions with xanthene, the former one (in the S = °/, ground
state) was found to break the O—O bond heterolytically, with the
substrate showing a spin of 0.33 at the TS. This is strikingly
similar to the present sulfoxidation reaction results. For 3 (S='/,
ground state), the O—O bond breaking occurred homolytically.
While no electrons were donated from the substrate in this case,
this is not required for homolytic O—O bond breaking, and the
result is still in accord with our pathway selection rule.

In conclusion, we have provided the first direct experimental
evidence demonstrating that HS Fe™—OOH species can
perform sulfoxidation reactions, whereas LS Fe''—OOH species
are much less reactive in OAT reactions. In contrast, the heme
FeOOH species, e.g. of the Cpd 0 type, is nonreactive in both
sulfoxidation and H-abstraction reactions,”' and cannot be
invoked as a second oxidant in P450 and other heme systems or
their analogs.’ This difference between nonheme and heme
Fe"™'OOH species is an intriguing issue that is left for a future
treatment. Furthermore, we have suggested a homolytic/
heterolytic pathway selection rule based on the occupancy of
the d,, orbital in the sulfoxidation reactions by non-heme Fe''—
OOH species: the reaction will occur homolytically if the d,,
orbital is doubly occupied and heterolytically otherwise. This rule
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applies to all of the non-heme cases investigated here, regardless
of the ligand and spin state.
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