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Demonstration of the Heterolytic O—O Bond Cleavage of Putative
Nonheme Iron(I)-OOH(R) Complexes for Fenton and Enzymatic

Reactions™**
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Abstract: One-electron reduction of mononuclear nonheme
iron(I1l) hydroperoxo (Fe™-OOH) and iron(11l) alkylperoxo
(Fe™OOR) complexes by ferrocene (Fc) derivatives resulted
in the formation of the corresponding iron(1V) oxo complexes.
The conversion rates were dependent on the concentration and
oxidation potentials of the electron donors, thus indicating that
the reduction of the iron(III) (hydro/alkyl)peroxo complexes
to their one-electron reduced iron(Il) (hydro/alkyl)peroxo
species is the rate-determining step, followed by the heterolytic
O—O0 bond cleavage of the putative iron(Il) (hydro/alkyl)per-
oxo species to give the iron(IV) oxo complexes. Product
analysis supported the heterolytic O—O bond-cleavage mech-
anism. The present results provide the first example showing
the one-electron reduction of iron(Ill) (hydro/alkyl)peroxo
complexes and the heterolytic O—O bond cleavage of iron(Il)
(hydro/alkyl)peroxo species to form iron(IV) oxo intermedi-
ates which occur in nonheme iron enzymatic and Fenton
reactions.

M ononuclear nonheme iron complexes coordinating
hydroperoxo and alkylperoxo ligands, such as Fe"*—OOH
and Fe""—OOR, are key intermediates in the catalytic
activation of dioxygen by nonheme iron enzymes and
bleomycins."! The peroxide ligands of the iron hydroperoxo
and alkylperoxo species are cleaved either homolytically or
heterolytically to form high-valent iron oxo intermediates. In
biomimetic studies, a large number of mononuclear nonheme
iron(II1) hydroperoxo (Fe™-OOH) and iron(I1I) alkylperoxo
(Fe™-OOR) complexes have been synthesized and used in
the investigation of the chemical and physical properties of
the peroxide ligands, along with the mechanism of the
peroxide O—O bond cleavage.>¥ Very recently, it has been
shown that the peroxide ligands of high-spin iron(III) (hydro/
alkyl)peroxo complexes bearing macrocyclic N-tetramethy-
lated cyclam (TMC) ligands are cleaved homolytically, thus
resulting in the formation of iron(IV) oxo complexes
(Scheme 1a, pathway A).“
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Scheme 1. Proposed mechanisms for the homolytic and heterolytic
O—0 bond cleavage of Fe""—OOH(R) species.

Iron(II) (hydro/alkyl)peroxo complexes, which are one-
electron-reduced species of iron(IlI) (hydro/alkyl)peroxo
complexes, have also been proposed as intermediates in
nonheme iron enzymes, such as isopenicillin N synthase
(TPNS) and pterin-dependent hydroxylases.”*! In TPNS, an
iron(IT) hydroperoxo species, which is formed by one-electron
transfer to an iron(IIT) hydroperxo species, is converted into
an iron(IV) oxo intermediate by O—O bond heterolysis
(Scheme 1b).”! In pterin-dependent hydroxylases, iron(II)
alkylperoxo intermediates are converted into iron(IV) oxo
species by heterolytic O—O bond cleavage (Scheme 1c).1"!
However, evidence for the conversion of the iron(II)
(hydro/alkyl)peroxo species into the corresponding iron(IV)
oxo species by heterolytic O—O bond cleavage has yet to be
obtained in nonheme iron enzymatic and biomimetic reac-
tions.

In Fenton chemistry, the nature of the active oxidant and
the mechanism of the O—O bond cleavage in the reaction of
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an iron(II) salt and H,O, has attracted much attention for
more than 100 years."” As shown in Scheme 1d, a homolytic
O—-0O bond cleavage of H,0O, affords a free "OH radical
[Eq. (1)], whereas an iron(IV) oxo is formed by heterolytic
O—0 bond cleavage of a putative Fe"~H,0, species [Eq. (2)].
Very recently, Que and co-workers reported a clean forma-
tion of an iron(IV) oxo complex, [(14-TMC)Fe'V(O)]** (1; 14-
TMC=1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetrade-
cane), in the reaction of [Fe"'(14-TMC)]*" and a stoichiometric
amount of H,0, in the presence of a base (e.g., 2,6-
lutidine).® Density functional theory (DFT) calculations
proposed that 1 was formed by a combination of partial
homolytic O—O bond cleavage and proton-coupled electron
transfer (PCET) of an iron(II)/H,O, species.®™ However, the
mechanism was proposed based on indirect experimental
evidence without detecting any intermediates (e.g., Fe'V
H,0,). In the case of nonheme Fe"-OOR species (e.g.,
proposed intermediates of pterin-dependent hydroxylases),
no detailed mechanistic studies have been conducted so far
for the alkylperoxo O—O bond cleavage steps.

Herein we report that one-electron reduction of iron(I1I)
(hydro/alkyl)peroxo complexes by ferrocene (Fc) derivatives
resulted in the formation of their corresponding iron(IV) oxo
complexes. Based on detailed mechanistic studies, we have
proposed that the one-electron reduction of the iron(III)
(hydro/alkyl)peroxo complexes by Fc derivatives is the rate
determining step (Scheme 1a, pathway B) and that the
resulting iron(II) (hydro/alkyl)peroxo intermediates are con-
verted into iron(IV) oxo complexes by heterolytic O—O bond
cleavage (Scheme 1a, pathway C).

The iron(Ill) hydroperoxo complex, [(14-TMC)Fe'-
OOHJ** (2), was prepared by adding 3 equivalents of
HCIO, to a solution of [(14-TMC)Fe"(O,)]" in acetone/
CF;CH,OH (v/v3:1) at —40°Cunder an argon atmosphere, as
reported previously.* Interestingly, addition of one equiva-
lent of Fc to the solution of 2 resulted in the disappearance of
the absorption peak at A =526 nm, which corresponds to 2,
with the concomitant appearance of absorption peaks at 1 =
810 nm corresponding to 1 and at A =620 nm corresponding
to ferrocenium cation (Fc*).’! The reaction was complete
within 2 seconds and a clear isosbestic point at A =727 nm was
observed in the titration experiment (Figure 1a, and see
Figure S1 in the Supporting Information). The titration
experiment revealed that one equivalent of Fc was required
for the full conversion of 2 into 1 (Figure 1a, inset). We then
examined the concentration effect of Fc on the rate of the
conversion of 2 into 1. The conversion rate increased linearly
with the increase of the Fc concentration under pseudo-first-
order reaction conditions (e.g., with > 10 equiv of Fc), and
a second-order rate constant, k,, was determined to be
8.1(6) x 10°M's™! at —40°C (see Figure S2a). We also found
that the rates of the electron transfer from Fc derivatives to 2
were dependent on the oxidation potentials of the Fc
derivatives. As observed in the case of Fc, the electron-
transfer rates from Fc derivatives to 2 increased with the
increase of the concentration of Fc derivatives (Figure S2),
and the conversion of 2 into 1 was faster with electron donors
having lower oxidation potential (see Figure1b and
Table S1). Based on the observations that the rate of the
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Figure 1. a) UV/Vis spectral changes showing the disappearance of the
peak for [(14-TMC)Fe"-OOHJ** (2) at A =526 nm with the concomitant
appearance of the peaks for [(14-TMC)Fe"(O)]*" (1) at A=810 nm and
Fc* at =620 nm by addition of Fc (0-1.0 equiv) to a solution of 2
(0.50 mwm, blue line) in increments of 0.20 equiv in acetone/
CF;CH,0OH (v/v 3:1) at —40°C. Inset shows the spectroscopic titration
at A=>526 nm for the disappearance of 2 (blue circles) and =810 nm
for the formation of 1 (red circles) as a function of the number of
equivalents of Fc (0-1.4 equiv) added to the solution of 2 in incre-
ments of 0.20 equiv. b) Plot of In k., against the E,, of electron donors
obtained in the electron-transfer reaction from Fc derivatives to 2 in
acetone/CF;CH,OH (v/v 3:1) at —40°C. c) The Eyring plot for electron
transfer from bromoferrocene (BrFc) to 2 in acetone/CF;CH,OH (v/v
3:1) at 233-263 K.

conversion of 2 into 1 was dependent on the concentration of
electron donors and that the rates were different depending
on the electron donors, we propose that one-electron
reduction of 2 by the electron donors (e.g., Fc derivatives)
to afford a one-electron reduced species, [(14-TMC)Fe'-
OOH]" (3), is the rate-determining step (Scheme 1a, path-
way B), with subsequent fast conversion of 3 into 1 by O—O
bond cleavage (Scheme 1a, pathway C). It should be noted
that the negative slope of —9.7(6) in Figure 1b for 2 is slightly
larger than that obtained from outer-sphere electron-transfer
reduction of 1 (slope = —8.2)1'% at 25°C, but slightly smaller
than that of Fe"-00Sc™" (slope = —12)M% at —40°C, thus
suggesting that the rate dependence on the oxidation
potential of the reductant follows the Marcus theory of
electron transfer.
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We also investigated the reaction of an iron(III) alkylhy-
droperoxo complex, [(13-TMC)Fe™-OOC(CH,);]** (5; 13-
TMC =1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane;
see Figure S3a),1*! with Fc derivatives in acetone/CF;CH,OH
(v/v 3:1) at —40°C. Addition of one equivalent of Fc to the
solution of 5 resulted in the disappearance of the absorption
peak at 1=520nm, which corresponds to 5, with the
concomitant appearance of absorption peaks at A =740 nm,
corresponding to [(13-TMC)Fe'V(0)]** (4),**? and at 1=
620 nm, corresponding to Fc* (Figure 2a).l”! The reaction was
complete within 1 second (see Figure S4). When the concen-
tration effect of Fc on the rate of the conversion of 5 into 4
was investigated under pseudo-first-order reaction conditions
(e.g., with > 10 equiv of Fc), the rate of the electron transfer
from Fc to 5 increased linearly with the increase of the Fc
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Figure 2. a) UV/Vis spectral changes showing the disappearance of the
peak for [(13-TMC)Fe"-OOC(CH;);]*" (5) at A =520 nm with the
concomitant appearance of the peaks for [(13-TMC)Fe" (O)]** (4) at
A=740 nm and Fc" at =620 nm by addition of Fc (1.0 equiv) to

a solution of 5 (0.50 mwm, blue line) in acetone/CF;CH,OH (v/v 3:1) at
—40°C. Inset shows the time trace monitored at A =520 nm in the
reaction of 5 (0.25 mm) and Fc (2.5 mm) in acetone/CF;CH,OH (v/v
3:1) at —40°C. b) Plot of In k,, against the E,, of electron donors
obtained in the electron-transfer reaction from Fc derivatives to 5 in
acetone/CF;CH,0OH (v/v 3:1) at —40°C. c) The Eyring plot for electron
transfer from bromoferrocene (BrFc) to 5 in acetone/CF;CH,OH (v/v
3:1) at 233-263 K.
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concentration, and a second-order rate constant, k,, was
determined to be 3.5(4)x10°m's™! at —40°C (see Fig-
ure S5a). This reaction is slightly slower than that of 2 and
Fc (e.g., 8.1(6)x10°M™'s™"). As we have observed in the
reactions of 2 and Fc derivatives, the electron-transfer rates
from Fc derivatives to 5§ were dependent on the oxidation
potentials of the Fc derivatives (Table S1 and Figure S5). The
conversion of 4 into 5 was faster with electron donors having
lower oxidation potential (Figure 2b). Based on the observa-
tions that the rate of the conversion of 5 into 4 was dependent
on the concentration of electron donors and that the rates
were different depending on the electron donors, we propose
that the reduction of 5 by the electron donors (e.g., Fc
derivatives) to give a one-electron reduced species, [(13-
TMC)Fe™-OOC(CH,);]" (6) is the rate-determing step (Sche-
me 1a, pathway B), with subsequent fast conversion of 6 into
4 by O—O bond cleavage (Scheme 1a, pathway C). The slope
of —12(1) in Figure 2b for 5 is quite similar to that reported
for outer-sphere electron-transfer reduction of Fe'-OO0Sc**
(—12)1a at —40°C, thus suggesting that the rate dependence
on the oxidation potential of the reductant follows the Marcus
theory of electron transfer.

We also determined the activation parameters of electron
transfer from bromoferrocene (BrFc) to iron(III) (hydro/
alkyl)peroxo complexes, such as [(14-TMC)Fe™-OOHJ*" (2)
and [(13-TMC)Fe™-OOC(CH5;);]*" (5), by determining the
reaction rates at different temperatures (Figures 1c and 2 ¢ for
the reactions of 2 and §, respectively; see also Table S2 and
Figure S6). The small, negative AS™ values indicate that the
electron transfer from Fc derivatives to the iron(III) (hydro/
alkyl)peroxo complexes occurs through outer-sphere elec-
tron-transfer reactions, as reported in the electron-transfer
reactions of metal-oxygen intermediates."

Then, how are the O—O bonds of the hydroperoxo and
alkylperoxo ligands of 2 and 5 cleaved to form their
corresponding iron(IV) oxo species, such as 1 and 4,
respectively? Since cumyl hydroperoxide (CmOOH) is
a well-known mechanistic probe which can be used to
distinguish homolytic versus heterolytic O—O bond cleaving
pathways, ¥ the product(s) formed in the reaction of [(13-
TMC)Fe™-OOCm]*" (Figure S3b) with one equivalent of Fc
was analyzed. The product analysis revealed the exclusive
formation of cumyl alcohol (ca. 90 %) with no formation of
acetophenone (see the Experimental Section in the Support-
ing Information). The observation of the cumyl alcohol
formation as a sole product in the reaction of 5§ and Fc
demonstrates unambiguously that the conversion of 6, which
is the product of one-electron reduction of § by Fc, into 4
occurs exclusively by an O—O bond heterolysis (Scheme 2).

o 4
Me—C-Me Big—~Crhe
OCO heterolysis / H* gH

_—
N—=l——=N
//\Fe”\// N\—HIV—/N
— / _CFeV /

Scheme 2. Heterolytic O—O bond cleavage of nonheme iron(ll)
(hydro/alkyl)peroxo complexes.
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Given the fast O—O bond cleavage reactions, DFT
calculations may provide a more detailed view on the reaction
courses. It is known from earlier calculations that O—O bond-
breaking reactions of Fe"-OOH have a low energy barrier,’
and significantly more favorable than that of Fe'"-OOH.
Figure 3 shows a comparison of O—O bond-breaking reac-
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Reaction coordinates
Figure 3. Comparison of three types of pathways for the O—O bond
cleavage of Fe"'-OOH, Fe'-OOH, and Fe"-OOH + H™.
For Fe"'-OOH, a spin state change from high spin (HS, S=5/2) to
low spin (LS, S=1/2) is seen to utilize the lowest lying transition state
(TS; left)."! For Fe"—OOH, the reaction occurs in two steps, where the
first step forms a free *OH radical which rotates to form a hydrogen
bond with Fe"'O in the second step (center). If a proton is available,
the barrier becomes even lower (right). The proton can be transferred
without a barrier and coupled to an electron transfer from Fe'O
(PCET).*!

tions in the three types of Fe"*—OOH. For 2 specifically, the
spontaneous homolytic O—O bond breaking was found to
have a barrier of 26.3 kcalmol™! (Figure 3, left).l*! We
calculate the corresponding reaction with 3 to have a barrier
of 10.0 kcalmol ! in a two-step reaction (Figure 3, center; see
also Tables S3-S5), thus showing that the O—O bond breaking
of Fe"™~OOH is indeed much easier than that of Fe™-~OOH.
This data is in agreement with our experimental data,
although one has to keep in mind that both of these calculated
reactions are endothermic, and are thus not likely to occur
spontaneously because of the lack of a driving force. Previous
calculations on Fenton chemistry of this complex included
explicit proton-donor models to address this issue.*™ It was
shown that the O—O bond breaking of the Fe"-OOH species
becomes, strictly speaking, a mixed homolytic and heterolytic
character, but with a very-low-energy barrier (Figure 3, right,
adapted from reference [8b]). This step is followed by a fast
proton-coupled electron transfer (PCET), thus making it in
total a heterolytic reaction.*"!

In summary, we have shown very recently the conversion
of an iron(IIT) peroxo complex binding redox-inactive metal
ions into a high-valent iron(IV) oxo complex upon one-
electron reduction."!! In the present study, we have demon-
strated that one-electron reduction of iron(III) (hydro/
alkyl)peroxo complexes by Fc derivatives generates their
corresponding iron(IV) oxo complexes. The electron transfer
from electron donors to iron(III) (hydro/alkyl)peroxo com-
plexes is the rate-determining step and the resulting iron(II)
(hydro/alkyl)peroxo species are converted into iron(IV) oxo
species rapidly by heterolytic O—O bond cleavage (Sche-
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me 1a, pathways B and C). To the best of our knowledge, the
present results provide the first clear biomimetic example of
nonheme iron enzymatic and Fenton reactions for the
conversion of iron(II) (hydro/alkyl)peroxo into high-valent
iron(IV) oxo species.
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