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Aromatic Hydroxylation at a Non-Heme Iron Center: Observed
Intermediates and Insights into the Nature of the Active Species

Olga V. Makhlynets and Elena V. Rybak-Akimova*!*!

Abstract: Mechanism of substrate oxi-
dations with hydrogen peroxide in the
presence of a highly reactive, biomim-
etic, iron aminopyridine complex, [Fe-
(bpmen)(CH;CN),][CIO,], (1; bpmen=
N,N'-dimethyl-N,N'-bis(2-pyridylmeth-

yl)ethane-1,2-diamine), is elucidated.
Complex 1 has been shown to be an
excellent catalyst for epoxidation and
functional-group-directed aromatic hy-
droxylation using H,0,, although its
mechanism of action remains largely
unknown.['? Efficient intermolecular
hydroxylation of unfunctionalized ben-
zene and substituted benzenes with
H,O, in the presence of 1 is found in

the key Fe™(OOH) intermediate
(Amax=560 nm, rhombic EPR signal
with g=2.21, 2.14, 1.96) formed by 1
and H,0,. Stopped-flow kinetic studies
showed that Fe™(OOH) does not di-
rectly hydroxylate the aromatic rings,
but undergoes rate-limiting self-decom-
position producing transient reactive
oxidant. The formation of the reactive
species is facilitated by acid-assisted
cleavage of the O—O bond in the iron-
hydroperoxide intermediate. Acid-as-
sisted benzene hydroxylation with 1
and a mechanistic probe, 2-Methyl-1-
phenyl-2-propyl hydroperoxide
(MPPH), correlates with O—O bond

heterolysis. Independently generated
FeV=0 species, which may originate
from O—O bond homolysis in Fe™-
(OOH), proved to be inactive toward
aromatic substrates. The reactive oxi-
dant derived from 1 exchanges its
oxygen atom with water and electro-
philically attacks the aromatic ring
(giving rise to an inverse H/D kinetic
isotope effect of 0.8). These results
have revealed a detailed experimental
mechanistic picture of the oxidation re-
actions catalyzed by 1, based on direct
characterization of the intermediates
and products, and kinetic analysis of
the individual reaction steps. Our de-

the present work. Detailed mechanistic
studies of the formation of iron(III)-
phenolate products are reported. We
have identified, generated in high
yield, and experimentally characterized

oxidation

Introduction

Development of regio- and stereoselective catalytic oxida-
tion of organic substrates is an important goal for organic
synthesis. Biomimetic oxidations are particularly attractive,
because they rely on cheap, nontoxic reactants (usually, O,
or H,0, as oxidants, and Fe, Cu, or Mn complexes as cata-
lysts). Developing the chemistry of non-heme iron oxida-
tions proved to be intellectually rewarding and productive,
and impressive recent progress includes crystallization and
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tailed understanding of the mechanism
of this reaction revealed both similari-
ties and differences between synthetic
and enzymatic aromatic hydroxylation
reactions.

peroxide
kinetics -

characterizations of several high-valent iron intermedi-
ates,”! as well as discovery of synthetically useful, regiose-
lective epoxidations and hydroxylations catalyzed by bio-
mimetic iron complexes.! One of the most successful olefin
epoxidation catalysts is an iron(IT) complex of a tetradentate
aminopyridine ligand: [Fe'(bpmen)(CH;CN),](ClO,), (1;
bpmen = N,N'-dimethyl-N,N'-bis(2-pyridylmethyl)ethane-1,2-
diamine) that converts olefins into epoxides with high selec-
tivity and efficiency with hydrogen peroxide as the oxi-
dant.'" It has also been shown to be a selective catalyst for
aliphatic C—H oxidation,” and regioselective aromatic hy-
droxylation.*® Over the past decade the identity of the re-
active intermediate in the catalytic oxidation promoted by 1
became a subject of interest. Although there is no general
mechanism for a non-heme systems that activate oxygen,”l
several intermediates, including Fe™(OOH), FeV=0, and
FeY=0, have been proposed as active species in catalytic
cycles of enzymes and enzyme models.*!”) A generally ac-
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cepted scheme of the reaction of 1 and H,O, includes for-
mation of the Fe™(OOH) intermediate that undergoes het-
erolytic O—O bond cleavage and yields active Fe'=0O
(Scheme 1B). The recent progress in understanding of the
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Scheme 1. A) ortho- and/or ipso-hydroxylation of benzoic acids with H,O, promoted by 1; B) possible reactivi-
ty modes of Fe'(OOH) intermediate: Fe"'(OOH) can either directly transfer oxygen to substrate, or decom-

pose into a high-valent iron-oxo species that reacts with the substrate.

mechanism of oxygen activation at 1 was based on indirect
evidence and no reaction intermediates were reliably char-
acterized, although Talsi et al. detected Fe™(OOH) by EPR
spectroscopy at —60°C in very low yield."!! In this work we
followed rapid reactions of 1 with H,O, and found condi-
tions to generate Fe™(OOH) in a high yield and character-
ized this intermediate by EPR spectroscopy. Furthermore,
we have tested the reactivity of this novel intermediate.
Aromatic hydroxylation presents an excellent opportunity
to gain detailed insights into the reactivity of complex 1. We
have recently reported that the hydroxylation of the aromat-
ic ring of substituted benzoic acids occurs exclusively in the
vicinity of the anchoring carboxylate functional group lead-
ing to ortho- or ipso-hydroxylated products (Scheme 1 A).”!
This carboxylic acid directed regioselectivity implies involve-
ment of a highly reactive, metal-based oxidant that attacks
the aromatic ring next to the directing group. One specific
question that needs to be addressed is the role of carboxylic
acid functionality in regioselective aromatic hydroxylations.
In addition to being an anchoring, directing group that coor-
dinates to the metal center of 1, carboxylic acid can also
serve as a source of protons. Other carboxylic acids, such as
acetic acid, were used to improve performance of 1 as cata-
lyst of olefin epoxidation and aliphatic C—H oxidation.!"”!
Que and co-workers proposed that coordinated carboxylic
acid promotes O—O bond heterolysis of the Fe™(OOH)
with formation of an FeY=0O species.'” In order to better
understand the mechanism of oxidations with hydrogen per-
oxide promoted by 1, we now report a detailed study of hy-
droxylation of non-coordinating aromatic hydrocarbons, and
the effects of externally added carboxylic acids on the rates
and mechanisms of aromatic hydroxylation. This approach,
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which places two critical components of aromatic hydroxyl-
ation in separate molecules, decouples the reactivity of the
aromatic rings from the reactivity of carboxylic acids. Our
kinetic studies and isotope-labeling experiment show that
Fe™(OOH) is not the active ox-
idant in hydroxylation reaction,
but it produces the reactive
high-valent species in the rate-
limiting step. The reactive spe-
cies formation is facilitated by
protonation of the terminal
oxygen in Fe™(OOH), which
leads to heterolytic cleavage of
the O—O bond and formation
of a putative Fe=0 species.

ortho-hydroxylation

Results and Discussion

Hydroxylation of benzene by
hydrogen peroxide in the pres-
ence of 1: The reactivity of 1 in
hydroxylation of aromatic hy-
drocarbons with hydrogen per-
oxide at room temperature was
explored in the present work. Benzene reacts with hydrogen
peroxide in the presence of 1 to form a blue species
(Amax=0650 nm), which later decays (Figure 1). Quenching the
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Figure 1. UV/Vis spectral changes for the reaction of 1, benzene and
H,0, in acetonitrile at 20°C ([1]=0.5 mMm, [H,0,]=5 mm, 200 equiv of
benzene vs. 1). Solid lines represent spectra of 1 (time 0's) and a product
[(bpmen)Fe-OPh]** (run time 90s). Inset: kinetic trace at 650 nm
showing accumulation of [(bpmen)Fe''-OPh].

reaction followed by a workup (see Experimental Section)
and GCMS identified the oxidation product as phenol. Co-
ordination of the deprotonated phenol to iron(IIl) in the
oxidized form of 1 generates colored products, similarly to
the formation of intensely colored salicylates upon hydroxyl-
ation of benzoic acids promoted by 1.”# Screening and opti-
mization of reaction conditions revealed that the best yields
of hydroxylated products (phenolates) were obtained in ace-
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tonitrile at room temperature, with excess of H,0, (10 equiv
vs. 1) and benzene (300 equiv vs. 1). Strongly coordinating
solvents, such as methanol and DMSO, suppress benzene
hydroxylation promoted by 1, presumably due to the substi-
tution of labile acetonitrile in the coordination sphere of
iron and blocking an access of the oxidant and the substrate
to the iron center. Excess of hydrogen peroxide dramatically
improves the conversion of benzene into phenol, but also
causes subsequent oxidation of phenol into dihydroxyben-
zenes (Figure S1 in the Supporting Information). We utilized
small excess of hydrogen peroxide (3 equiv) for kinetic and
deuterium retention studies, for which formation of dihy-
droxybenzene would make interpretation of results more
difficult, and larger quantities (10 equiv) to characterize
metal-based intermediates using EPR spectroscopy and
stopped-flow spectrophotometry. Time-resolved UV/Vis and
GCMS data show that hydroxylation reaction is complete in
5min; GC and spectrophotometric yields of phenol match
closely (Figures S2 and S3 in the Supporting Information).!"”!
Although the reaction is rapid and high-yielding, efficient
catalysis is precluded by strong coordination of the pheno-
late products to the iron(III) center.

The scope of the hydroxylation reaction: Although general,
aromatic hydroxylation catalyzed by 1 is sensitive to the
nature of substrate. Without an anchoring group it affords a
mixture of o-, m- and p-substituted phenols (Scheme 2 and
Table S1 in the Supporting Information). Sterically hindered
substrates (e.g., 1-tert-butyl-3,5-dimethylbenzene) and sub-
strates with strong electron-withdrawing groups (e.g., nitro-
benzene) give very low yield of phenol (Table S1 in the Sup-
porting Information).
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Scheme 2. The scope of hydroxylation reaction.

The 1/H,0, system favors aromatic hydroxylation over
hydroxylation of methyl group (phenols/benzyl alcohol
~11:1 in toluene hydroxylation). However, aliphatic chain is
preferentially hydroxylated when a methylene group is
available (Figure S4 in the Supporting Information). Addi-
tions of acetic acid can modulate both the activity and the
selectivity of oxidation reactions mediated by 1 and related
aminopyridine iron complexes. For example, olefin epoxida-
tion is strongly favored in the presence of acetic acid, while
dihydroxylation dominates in acid-free reactions."?" Simi-
larly, we observed alteration of ethylbenzene hydroxylation
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in the presence of acetic acid: the yield of aromatic hydrox-
ylation product increased, while the yield of methylene hy-
droxylation product decreased (Figure S4 in the Supporting
Information). Presumably, the nature of the reactive inter-
mediates and/or their reactivity can be altered in presence
of carboxylic acids.

Both steric and electronic effects in aromatic hydroxyl-
ation by 1/H,0, differ from non-selective reactivity of hy-
droxyl radicals (for example, nitrobenzene affords nitrophe-
nols in reactions with HO® generated by photolysis of a-azo-
hydroperoxide).'! Moreover, hydroxylation of chloroben-
zene with 1/H,0, in the presence of a radical trap (galvin-
oxyl radical, ~1equiv vs. 1) did not affect the yield of
phenol. These observations suggest involvement of metal-
based intermediates in non-radical aromatic hydroxylation
with 1/H,0,. A metal-based intermediate was also implicat-
ed in a related aromatic hydroxylation of benzoic acids with
1/H,0,.”

Kinetic and mechanistic studies of benzene hydroxylation:
The formation of a phenolate upon mixing of 1 with ben-
zene/H,O, appears as a two-exponential process (Figure S5
in the Supporting Information). The effective pseudo-first-
order rate constants k., and k,.,, do not depend on concen-
tration of 1 indicating the reaction’s first-order in 1. The
first step of hydroxylation reaction was found to be first
order in H,O,, while the second step is independent of
[H,O,] (Figure S6 in the Supporting Information). Neither
kigps NOT Koy, depend on substrate concentration (Table S2
in the Supporting Information), but the spectroscopic yield
of phenol is proportional to the concentration of H,O, (Fig-
ure S5 in the Supporting Information) and benzene. Further-
more, the rate of hydroxylation is not affected by the nature
of substrates (Table S3 in the Supporting Information), but
the spectroscopic yields of phenolate products under other-
wise identical conditions generally increase for electron-rich
substrates (Figure S7 in the Supporting Information). These
results suggest a mechanistic hypothesis: the first reaction
step affords an intermediate that decomposes in a subse-
quent rate-limiting step producing an active oxidant. To test
this assumption, we examined individual reaction steps and
identified reactive intermediates.

Reaction of complex 1 with H,0,—formation of the Fe"-
(OOH) intermediate: Stopped-flow studies of the direct re-
action between 1 and H,O, under optimal hydroxylation
conditions (room temperature, acetonitrile) identified a new
purple intermediate with A,,,=560 nm (species 2, Figure 2)
that is short-lived at room temperature (half-life time 30 s).
The optical spectrum of 2 is similar to the spectra of known
mononuclear Fe™(OOH) complexes, which typically have
an intense band at ~500-550 nm (e~1000M 'cm™!).>2
Fe™(OOH) was proposed to be a plausible reaction inter-
mediate in reactions of 1 with H,0,;®'>%] however, owing
to the low yield of the intermediate (<3 %) its absorption
spectrum could not be recorded.!! Our stopped-flow experi-
ments confirmed that the addition of hydrogen peroxide to
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Figure 2. Time-resolved UV/Vis spectra of the Fe"'(OOH) formation at
20°C in acetonitrile ([1]=1 mwm, [H,0,]=10 mm). Inset: kinetic trace at
560 nm. Solid lines are spectra of 1 and Fe"'(OOH) at its maximum for-
mation.

1 at lower temperatures (—80 to —30°C) affords only yellow
species 3, and no purple species was detected (Figure S8 in
the Supporting Information). Unlike the majority of reactive
intermediates, that are generated in higher yields at low
temperature, the yield of 2 at the time of its maximum accu-
mulation increased as temperature increased from —20°C to
+20°C (Figure S9 in the Supporting Information), although
decomposition of 2 also accelerated with temperature. The
transient nature of this intermediate may have prevented its
observation and trapping in the past.

The plot of the observed rate constants versus hydrogen
peroxide concentration under pseudo-first-order conditions
(ca. 10-fold excess H,O, with respect to 1) is a straight line
with a nearly zero intercept (Figure 5,S10), indicating first-
order in H,0O, and the overall mixed second-order for the
formation of Fe™(OOH):

v(Fe™OOH formation) = k[1][H,0,]

Relatively high activation enthalpy (AH* =55.0 kJmol *,
Figure S11 in the Supporting Information) and large nega-
tive activation entropy (AS*=-29.3 Jmol™'K™!, Figure S12
in the Supporting Information) are consistent with a bimo-
lecular rate-limiting step, although the activation parameters
for a multistep conversion of 1 into 2 are likely to be com-
posite values, and straightforward interpretation may be
misguided.

Intermediates 2 and 3 were characterized by EPR spec-
troscopy and mass spectrometry. The main product of the
reaction between 1 and H,0, at —30°C was a low-spin
iron(III) species (3) with g=2.41, 2.17 and 1.90 (Figure S13
in the Supporting Information). Most likely, an oxidation of
1 without subsequent coordination of hydroperoxide occurs
under these conditions. Freezing the reaction solution at the
maximum accumulation of 2 (room temperature, Figure 2)
gives a sample with two species: g values 2.21, 2.14, 1.96 and
2.41, 2.17 and 1.90 (Figure 3); the additional signal at 4.24
belongs to a small amount of a high-spin rhombic iron(III)
product. The set of signals with g=2.21, 2.14, 1.96 (ca. 30%
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Figure 3. EPR spectrum (120 K) of Fe"(OOH) in acetonitrile. 25% yield
of Fe"'(OOH) vs. initial concentration of iron was determined using Cu-

(ClO,), as an external standard. Signals at 2.41 and 1.90 correspond to 3,
which accompanies 2 at all temperatures.

of total iron) is typical of low-spin iron(IIT)-hydroperoxo
species (with characteristic range of g values of 1.93-2.26)P!
and thus is assigned to 2. Simultaneous formation of two
low-spin iron(IIl) species has been previously observed
when Fe'“BLM (BLM =bleomycin) reacted with O,
first signals of Fe"(OOH)-BLM grew in (g=2.26, 2.17 and
1.94) and then the decay product Fe™-BLM accumulated
(g=2.45, 2.18 and 1.89). Complexes with aminopyridyl li-
gands similar to bpmen (L) also react with hydrogen perox-
ide to produce a mixture of low-spin iron species (Table S4
in the Supporting Information); one set of signals in EPR
spectrum corresponds to Fe™(OOH) and the other set was
assigned to [Fe"™(L)X]"* (n=2 or 3; X=Cl, OH, H,0,
OMe, HOMe),'®*?"1 which presumably serves as a presur-
sor to Fe™(OOH). Taken together, the EPR spectroscopy
and the stopped-flow UV/Vis data indicate that 2 is an Fe"'-
(OOH) species. This conclusion is supported by the ob-
served ESI-MS of 2, which shows peaks at m/z =425, 442,
456, and 481 consistent with ions [Fe(bpmen)+ ClO,4]", [Fe-
(bpmen)(OH)+ClO,]* , [Fe(bpmen)(OMe)+ ClO,]*, [Fe-
(bpmen)(OOH) +Na+ClO,]* respectively (Figure S14 in
the Supporting Information).

To directly probe whether [Fe™(bpmen)(OOH)-
(CH;CN)J** (2) is involved in benzene hydroxylation, we
added this substrate to a pre-generated 2, and observed the
formation of a blue Fe™-phenolate complex (Figure 4).
However, this experiment does not prove that the inter-
mediate 2 itself attacks benzene; additional kinetic studies
(detailed below) were performed in order to further probe
the reactivity of 2.

Fe"(OOH) reactivity pathways and effect of acetic acid:
Iron-hydroperoxide is often considered to be a reaction in-
termediate in nonheme iron systems!'>12%] that may either
directly transfer an oxygen atom to the substrate, or decom-
pose into a high-valent iron—oxo species that reacts with the
substrate.'>**31) However, the experimental data on the re-
activity of Fe"(OOH) are limited, and hardly support a uni-
form view on their ability to directly oxidize substrates. For
example, Nam et al. tested the ability of several synthetic

Chem. Eur. J. 2010, 16, 13995 —14006
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Figure 4. Time-resolved UV/Vis spectra of the reaction of Fe"(OOH)
with benzene in acetonitrile at 20°C ([1]=0.5mm, [H,O,]=5 mm,
200 equiv of benzene vs. 1). Solid lines represent spectrum of 2 (A=
560 nm) at its maximum formation (age time 7s) and a spectrum of a
product [(bpmen)Fe™-OPh] (4 =650 nm, run time 80 s).
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Figure 5. Rates of formation of phenol, Fe"'(OOH) and decay of Fe''-
(OOH) in acetonitrile at 20°C as a function of H,O, concentration. Rate
constant of hydroxylation was determined from a single mixing experi-
ment, in which 1 was mixed with benzene and H,0, ([1]=0.5 mm,
300 equiv benzene vs. 1). Kinetic traces at 650 nm were fitted in Kinetic
Studio program using A—B—C model. Formation and decay of Fe''-
(OOH) was monitored at 560 nm after 1 (0.5 mm) was mixed with H,O,;
kinetic traces at 560 nm were fitted using A—B—C model, in which the
first process represents formation of Fe"(OOH) and the second process
is a decay of Fe"(OOH).

iron-hydroperoxo complexes to oxidize sulfides or olefins,
and concluded that this intermediate is a sluggish oxidant.*
On the other hand, Solomon et al. reported that Fe"™(OOH)
in activated bleomycin (ABLM) directly attacks DNA.[*]
Kinetic data for benzene hydroxylation compared with ki-
netics of the reaction of 1 with H,O, (Figure S15 in the Sup-
porting Information) suggest that 2 does not attack aromatic
ring, but decomposes into another, more active intermediate
(Scheme 5). The rate constant of the formation of Fe'-
(OOH) from 1 and H,0, is comparable to the observed rate
constant of the first process in benzene hydroxylation stud-
ies (kiu, Figure S6 in the Supporting Information). Both
rate constants are directly proportional to [H,0O,]. Since ab-
sorption bands of Fe™(OOH) and Fe™-phenolates (Ay.=
560 and 650 nm, respectively) partially overlap, we observe
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a two exponential process when 1 is mixed with benzene/
H,0,, in which k;, corresponds to the formation of Fe'-
(OOH) (Figure 5) and k,,, is attributed to the hydroxyl-
ation of benzene. The rate constant of phenol formation
(kyors in Figures1 and 5) and the rate constant of Fe™-
(OOH) self-decay (Figures 2 and 5) are comparable and do
not depend on [H,0,]. These observations indicate that self-
decay of Fe'(OOH) yields reactive intermediate that rapid-
ly attacks the aromatic ring. To test this hypothesis, the reac-
tivity of pre-generated Fe™(OOH) was studied directly in a
series of double-mixing experiments.

The rate of phenolate accumulation did not depend on
the concentration of benzene added to a pre-generated Fe™-
(OOH) (Table S5 in the Supporting Information). Rate of
hydroxylation also does not depend on the nature of sub-
strate: when different substrates (benzene, chlorobenzene,
toluene) were added to the pre-generated 2, the rate con-
stants of Fe-phenolate formation were nearly identical
(Table S3 in the Supporting Information). Moreover, the
rate of aromatic hydroxylation did not depend on the con-
centration of excess H,O,: Fe™(OOH) was generated by
mixing 1 and variable amounts of H,O, (3, 10, and 20 equiv
vs. 1), followed by the addition of benzene at the maximum
accumulation of Fe™(OOH), and the rate constants of phe-
nolate formation were equal in all of these experiments. All
kinetic data suggest that Fe™(OOH) does not directly attack
the aromatic ring of the substrate, but this species decays
into another species (presumably, Fe'=0 or Fe'V=0), which
rapidly hydroxylates the aromatic ring (Scheme 5).

Acetic acid facilitates Fe™(OOH) decay in a concentra-
tion-dependent manner: larger amounts of acid lead to
faster hydroperoxide decomposition (Figure S16 in the Sup-
porting Information). Additionally, acetic acid accelerates
the rate of Fe™-phenolate formation (Figure 6), and the
rate constants of phenolate formation and those of self-
decay of 2 in the presence of one equivalent of acetic acid
are comparable (Figure S17 in the Supporting Information).
These data indicate that acetic acid accelerates the decay of
Fe™(OOH) into a reactive intermediate responsible for aro-

1.6
1.4+
1.2+
1.0
0.8

Kpo 78"

0.6
0.4
0.2

equiv of CH;COOH vs. 1

Figure 6. Rate constant of phenolate formation is directly proportional to
[CH;COOH] ([1]=0.5 mMm, [H,0,]=5mm, 560 equiv of benzene vs. 1,
20°C, acetonitrile).
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matic hydroxylation. Addition of acetic acid is known to in-
crease catalytic activity of 1 in epoxidation and aliphatic C—
H oxidation reactions."” We have also observed a some-
what increased yield of aromatic hydroxylation products in
reactions of benzenes with 1/H,0, in the presence of acetic
acid (Figure S18 in the Supporting Information).

Products of decomposition of Fe™(OOH) and their role in
hydroxylation reaction: Kinetic data suggest that decompo-
sition of Fe™(OOH) yields an active oxidant and acetic acid
accelerates this process. Therefore we trapped and charac-
terized the decay product of Fe™(OOH) and probed its ac-
tivity toward aromatic substrates.

We followed the decay of 2 by UV/Vis spectrophotometry
and observed the formation of a green species 4 with 4,,,=
740 nm (Figure S19 in the Supporting Information). This
near-IR chromophore closely resembles low-spin L-Fe™'=
complexes generated by O—O bond homolysis of L-Fe'-
(OOH) intermediates supported by several polyamine- or
aminopyridine ligands (L) analogous to bpmen, suggest-
ing that 4 can also be formulated as an Fe'V=0 intermediate.
This formulation is consistent with the EPR-silent nature of
the green intermediate 4: it was found that 2 decayed over
70s (k~0.01s"', RT) at room temperature without forma-
tion of any new EPR-active species (Figure S20 in the Sup-
porting Information).

The chemical nature of 4 suggested alternative methods
of generating this intermediate. Similarly to literature prece-
dents,"”” 4 can be obtained faster and in higher yield from
the reaction of 2 with acetic acid (Figure 7), or by adding a
mixture of H,O, and acetic acid directly to 1 (Figure 8).
Acetic acid, added directly into EPR tube to a pre-generat-
ed 2, accelerated decomposition of 2 into an EPR-silent spe-
cies 4, while 3 (which initially accompanied 4—g values at
2.41, 2.17 and 1.90) remained intact (Figure 7, inset). The
ESI-MS spectrum of the mixture of 1/H,0O,/CH;COOH at

i
< 030} e ey B oo
4 M 2000 3000 4000

LU B S B R H B B B B B S B B B B B B

400 500 600 700 800 900
Wavelength/nm

Figure 7. Stopped-flow time-resolved UV/Vis spectra of the reaction of
Fe'"'(OOH) with one equivalent of acetic acid. Fe"'(OOH) was pre-gen-
erated by mixing 1 (0.5 mm) and H,0, (5mm) at 20°C in acetonitrile
over 10 s (solid line, A, =560 nm). Fe"'(OOH) decays quickly (2 s) upon
addition of acetic acid (1 equiv vs. iron, dashed line) followed by slow
(over 80s) accumulation of FeY=0 (solid line, A,=740 nm).’ Inset
shows EPR spectra of Fe"(OOH) before (dotted line) and after (solid
line) addition of acetic acid at room temperature.
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Figure 8. Spectra of green species 4 obtained upon mixing of 1 with IBX
ester ([1]=1mwm; [IBX ester]=3.8 mm, acetonitrile, 10°C) and 1 with
H,0,/CH;COOH ((1]=1mM, [H,0,]=10mmMm, [CH;COOH]=0.5 mm,
acetonitrile, 20°C).

room temperature shows peaks at m/z =401, 425, 442 that
correspond to [Fe(bpmen)(O)+OAc]t , [Fe(bpmen)+
ClO,]*, [Fe(bpmen)(OH)+ ClO,]" respectively (Figure S21
in the Supporting Information). Preliminary Maossbauer
studies of the sample prepared by adding peracetic acid di-
rectly to 1 also confirms that the green species 4 has an
Fe'V=0 center.*¥

Additionally, we used an alternative, H,O,-free method to
directly generate the green species 4 from 1 and oxygen
atom donors. The isopropyl ester of 2-iodoxybenzoic acid
(IBX ester)P was recently developed as a stable, highly
soluble source of oxygen atoms in organic oxidations. This
reagent was also successfully used in metal-mediated oxida-
tions catalyzed by phthalocyanin complexes.”” We applied
the IBX ester as an oxygen-atom transfer reagent in reac-
tions that generate high-valent iron(IV)-oxo species. Upon
mixing 1 and IBX ester (0.5-4 equiv vs. 1) no purple species
was observed, but instead a green species 4 formed, with an
optical spectrum very similar to the spectra of the species
generated from 1, H,O,, and HOAc (Figure 8). The differ-
ence in spectra of the species 4 derived from 1/IBX ester
and 1/H,0,/CH;COOH can be attributed to the binding of
HOAC or OAc to the Fe'V=0O center.""

To test the reactivity of the iron—-oxo center, we generated
bpmen-Fe™V=0 by mixing 1, H,0,, and acetic acid at 20°C.
After 4 was formed in its maximum yield (60 s), benzene
was added; however, only self-decay of 4 was observed. In a
similar experiment, 4 was prepared by mixing 1 and IBX
ester at 10°C, addition of benzene (280 equiv vs. iron) did
not result in the formation of the Fe™—phenolate complex.
It can be concluded that the Fe™=O intermediate 4 is
unable to hydroxylate the aromatic ring, and cannot act as
kinetically competent intermediate in aromatic hydroxyl-
ation with H,O, promoted by 1. We also used the stopped-
flow methodology to measure rates of Fe"=O decay in the
presence of toluene and without toluene and found that
they are comparable (Figure S22 in the Supporting Informa-
tion); therefore, bpmen-Fe™Y=0 does not efficiently hydrox-
ylate benzylic CH; groups.
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Mechanistic insights into O—O
bond cleavage in Fe™ peroxides
supported by bpmen: Isotope-
labeling experiments (**0/'°0)
are often useful in determining
the mechanistic pathways of
metal-assisted O—O bond cleav-
age. Incorporation of oxygen
from water into the oxidation
product requires the formation
of Fe™=0 or Fe'=0 species
and '°O/*®0 exchange with sol-
vent water prior to reaction
with  substrates.”* In our
system, hydroxylation experi-
ments with labeled hydrogen peroxide (H,'®0,) in the pres-
ence of water (H,'%0) show the incorporation of 'O into
phenol product: 19% of phenol contained '°O and 81 % of
phenol contained '*O. Hydroxylation of benzene with
H,'%0, in the presence of H,'*0 led to 78 % H'*O-C¢H; and
22% of H"®0O-C4Hs. The results of isotope-labeling studies
are inconsistent with the mechanisms involving a direct
attack of Fe"(OOH) on the aromatic ring, because Fe'll-
(OOH) cannot exchange with water. Similarly, '*O-labeling
studies showed some loss of the label when H,'®0, was used
as oxygen source for cis-dihydroxylation of naphthalene by
naphthalene 1,2-dioxygenase,'*'! thus implicating oxygen ex-
change between the active intermediate and water, and sug-
gesting a reaction pathway that invokes FeY=0O(OH) species.
In another example,! a cis-dihydroxylation reaction of al-
kenes with hydrogen peroxide in the presence of H,"®O cata-
lyzed by [Fe"(tpa)(CH;CN),]** (tpa=tris(2-pyridylmethyl)-
amine) showed incorporation of '*O into product, which was
rationalized by water-assisted formation of Fe'=0(OH). Co-
ordination of acetic acid to the iron—oxo moiety interfered
with this water-assisted *0/'°O exchange, decreasing the in-
corporation of the '*O from water in the products;!'>3! a
similar effect was also observed in our experiments on ben-
zene hydroxylation with 1/H,O,/HOAc.

The "®O/O scrambling in aromatic hydroxylations with
H,0, promoted by 1 implies that the observed peroxo inter-
mediate, Fe™(OOH), is not the sole oxidant in this reaction
and thus should undergo either a heterolytic O—O bond
cleavage that affords FeY=0, or a homolytic O—O bond
cleavage to produce Fe'V=O. In similar reactions, organic
peroxide MPPH (2-methyl-1-phenyl-2-propyl hydroperox-
ide) has been widely used as a mechanistic probe to distin-
guish homolytic versus heterolytic cleavage of the alkylper-
oxide O—O bond.***! Homolysis of RO—O bond would
generate a Fe™Y=0 species and a transient RO’ radical that
decays into benzyl radical, eventually yielding benzyl alco-
hol under anaerobic conditions, or benzaldehyde in the pres-
ence of O, (Scheme 3). On the other hand, heterolytic cleav-
age of the O—O bond would generate Fe¥=0 and 2-methyl-
1-phenyl-2-propyl alcohol (MPPol). Analysis of organic
products provides the information on the mechanism of O—
O bond cleavage in oxidations with MPPH.

0-OH
LFe" + :
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Scheme 3. Reaction of MPPH with iron center and products derived from MPPH.

Pure recrystallized MPPH reacted with 1/benzene under
aerobic conditions to yield mainly benzaldehyde, which indi-
cated the O—O bond homolysis and the formation of Fe'V=
O (Scheme 3); the amount of MPPol, an indicator of O—O
bond heterolysis, was small. Yield of phenol was low under
these conditions (Figure 9a). In contrast, oxidation of ben-
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Figure 9. Product yields (in mol per 1 mol of Fe) and effects of acetic
acid in aerobic reaction of benzene with 1/MPPH (Scheme 3): a) [1]=
2mM, 280 equiv of benzene vs. 1, 1equiv of MPPH; b)[1]=2 mm,
280 equiv of benzene vs. 1, 1 equiv of MPPH, 0.5 equiv of acetic acid;
control experiments:*! ¢) MPPH in acetonitrile (same amount as in a
and b); d) MPPH and acetic acid (same amounts as in b). All samples
were stirred for 30 min, then acetylated, products extracted with di-
chloromethane and analyzed by GCMS. Error bars show standard devia-
tion.

zene by MPPH in the presence of 1 and 0.5 equivalents of
acetic acid resulted in significant increase in the yields of
both MPPol and phenol (Figure 9b). These results are con-
sistent with O—O bond heterolysis as a major pathway that
generates a competent oxidant for benzene, implying that
FeY=0 is the active species in the hydroxylation reaction.
Acetic acid catalyzes heterolytic O—O bond cleavage and
the formation of Fe¥=O, therefore acetic acid dramatically
increased the yield of MPPol and the yield of aromatic hy-
droxylation product when MPPH is used as oxidant.

H/D Kkinetic isotope effects in substrate oxidations with 1/
H,0,: The mechanisms of interactions between the oxidant
and the organic substrate can be evaluated by comparing
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the relative rates of hydroxylation of deuterated and unla-
beled substrates. While detailed calculations are necessary
for thorough interpretation of H/D kinetic isotope effects,
some qualitative conclusions can be derived from the direct
analysis of the experimental data. In particular, C—H bond
breakage (e.g., in a hydrogen-atom abstraction or direct in-
sertion, Scheme 4 A,B) typically results in normal kinetic
isotope effects (KIE > 1), but electrophilic attack on the aro-
matic ring accompanied by sp%sp’® rehybridization often
leads to small inverse kinetic isotope effects (Scheme 4
C,D).

Benzene hydroxylation in the presence of 1/H,0, resulted
in inverse KIE ky/k,=0.8. The inverse kinetic isotope effect
in benzene hydroxylation indicates a change in hybridization
at a carbon bound to deuterium (sp>—sp?), which is consis-
tent with an electrophilic addition to the aromatic ring or
with an intermediate formation of epoxide.**! The inverse
H/D kinetic isotope effect is inconsistent with an abstrac-
tion-recombination sequence, which therefore can be ex-
cluded for aromatic hydroxylation with 1/H,0O,. Also tolu-
ene hydroxylation with H,O, in the presence of 1 gave ki-
netic isotope effects of 0.7 for
the aromatic ring hydroxylation
and 1.3 for the methyl group
hydroxylation. These data indi-
cate that a hydrogen-atom ab-
straction is probably involved

cl cl
Qs — QL
D OH
B ¢ cl
@ =+
* OH
c cl NIH cl cl
4 shift M D(H)
VIOH T -
- 0 OH
D cl
H
¢
D

Scheme 4. Mechanism of aromatic hydroxylation shown for 3-*H;-chloro-
benzene. A) Direct insertion; B) hydrogen abstraction; C) addition/rear-
rangement; D) formation of epoxide.

in benzylic hydroxylation of tol- 0-0 bond
uene, but not in the hydroxyl- homolysis
ation of the aromatic ring. Very
similar values of H/D KIE in
toluene hydroxylation were ob-
. . 0-0 bond
served in the presence of acetic heterolysis  “~ ‘ e
acid, indicating an electrophilic — /Fe\o
nature of the oxidant that at- ‘
tacks the aromatic ring under
various reaction conditions. The \benzene
differences in isotope effects
observed for hydroxylation of
the aliphatic chain and the aro- ~_ ‘ RS R = Ar ~ ‘ w0770 R=Me
matic ring suggest that two dif- Fell Fe benzene

ferent mechanisms are utilized
to oxidize these molecular frag-
ments, although both processes
(aliphatic and aromatic hydrox-
ylation) may share the same
metal-based oxidant. Similarly, previously reported hydrox-
ylation of p-xylene catalyzed by toluene 4-monooxygenase,
a non-heme iron enzyme, gave normal isotope effect (2.22)
for methyl hydroxylation and inverse isotope effect (0.735)
for aromatic hydroxylation.) P450 was also shown to give
normal isotope effect (7-10) for benzylic hydroxylation of
xylene, in agreement with an oxygen rebound mechanism;
in contrast, aromatic hydroxylation of xylenes was character-
ized by an inverse isotope effect (0.83-0.94).1%

In addition to kinetic isotope effects, H/D migrations and
rearrangements provide meaningful mechanistic informa-
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Scheme 5. Intermediates involved in aromatic hydroxylation catalyzed by 1.

tion. In aromatic hydroxylations, a hydrogen-atom shift (the
so-called NIH shift) is common for reactions that proceed
through an electrophilic attack of the oxidant on the aro-
matic ring with subsequent rearrangement of the cationic in-
termediate to a ketone intermediate (Scheme 4C).”! We ob-
served a non-zero NIH shift for hydroxylation of 3,5-*H,-
chlorobenzene and 2.4,6-)H;-chlorobenzene with 1/H,0,;
these results corroborate electrophilic addition to the aro-
matic ring (Table S6 in the Supporting Information).

The results obtained for aromatic hydroxylations with hy-
drogen peroxide in the presence of 1 are in line with a
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number of related oxidations at the iron center that typically
show a small inverse kinetic isotope effect, and agree with
an electrophilic attack on the aromatic ring.[*>4*>>-4

Discussion

High activity of complex 1 in oxidation of organic substrates
with hydrogen peroxide’'” made this complex a promising
candidate for exploring intermolecular aromatic hydroxyl-
ation of substrates lacking directing groups. Similar to previ-
ously reported functional-group-assisted hydroxylation of
benzoic acids, we now found that 1 is equally efficient in
promoting hydroxylation of benzenes. Although biological
aromatic hydroxylations can be catalyzed by mononuclear
non-heme iron centers in pterin-dependent aromatic amino
acid hydroxylases,” and by non-heme diiron centers in bac-
terial multicomponent monooxygenases (BMMs), such as
methane and toluene monooxygenases,™ synthetic biomim-
etic systems capable of hydroxylating unfunctionalized aro-
matic rings are still limited.®” Aside from variations of clas-
sical Fenton reaction, which are usually non-selective and
often low-yielding, iron phthalocyanines®™! and iron com-
plexes with aminopyridine ligands®™ are among a handful of
recent examples of non-porphyrin complexes reactive in in-
termolecular aromatic hydroxylations. Complex 1 promotes
nearly quantitative conversion of aromatic hydrocarbons to
phenolates at room temperature within several minutes,
with H,0, as the oxidant. Importantly, a range of substituted
benzenes, including electron-poor substrates (such as chloro-
benzene) readily undergoes hydroxylation with 1/H,O,.
However, strongly electron-withdrawing substituents (e.g.,
nitro groups) significantly decrease the yield of hydroxylated
product. Despite high reaction rates in aromatic hydroxyl-
ation with 1/H,0,, efficient catalysis is precluded by strong
coordination of the phenolate products to the iron(III)
center. This coordination, however, has two beneficial ef-
fects: it prevents overoxidation of phenols, thus greatly im-
proving product selectivity, and it gives rise to intensely col-
ored iron(IIT)-phenolate products, thus enabling spectro-
photometric monitoring of the reaction progress. The latter
feature was particularly useful for the present study, which
was focused on identifying metal-based intermediates that
are competent hydroxylating agents.

Plausible intermediates that were proposed for non-heme
iron systems include Fe™(OOH), Fe'V=0, and some kind of
a fleeting Fe" species; all of these species were previously
implicated in various iron-promoted oxidations, and most of
them were spectroscopically observed for some non-heme
iron complexes.” For intermolecular hydroxylations of non-
functionalized aromatic compounds, a number of active
non-heme iron reagents or catalysts is limited, and the
active species in these systems were not identified."“!l Al-
though Fe(OOH) was proposed to participate in aromatic
hydroxylation,'®"! the reactivity of this species was not stud-
ied in direct experiments. For example, anisol is hydroxylat-
ed with H,O, in the presence of Fe"-tpen (tpen=N,N,N',N'-
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tetrakis(2-pyridylmethyl)ethane-1,2-diamine)) analogues,
and hydroperoxo intermediates were proposed to be respon-
sible for catalytic activity, but no specific experiments that
support this hypothesis were described."!! Pre-generated
Fe™OOH species supported by several aminopyridine li-
gands (including tris-picolylamine, tpa) were shown to be
sluggish oxidants that did not react with olefins, sulfide, or
phosphines®” at low temperatures. However, very little in-
formation is available about Fe-bpmen-derived intermedi-
ates, therefore we developed methods to generate bpmen-
supported Fe™(OOH) in reasonable yield, and probed its
reactivity under ambient conditions where high-yielding hy-
droxylation takes place.

Formation of the [Fe™(OOH)(bpmen)]** intermediate in-
volved in hydroxylation was observed by stopped-flow ki-
netic measurements with spectrophotometric registration, by
EPR spectroscopy, and by mass spectrometry. The yield of
the Fe™(OOH) intermediate significantly depends on tem-
perature; counterintuitively, it can be generated in relatively
high yield only at or near room temperature. Using stopped-
flow techniques we established that [Fe™(OOH)(bpmen)]**
does not directly attack aromatic substrates: reaction rates
were independent on the concentration of benzene and on
the nature of substituent on the aromatic ring. Also, '*O-la-
beling experiments demonstrated that active intermediate
responsible for aromatic hydroxylation exchanges with
water and thus Fe™(OOH) cannot be the sole oxidant.
These results are in line with generally low oxidizing reactiv-
ity of Fe''(OOH) intermediates.”” A somewhat different
situation was found for iron bleomycin (BLM), a natural an-
tibiotic that causes oxidative DNA cleavage in the presence
of iron and dioxygen.™ Although earlier studies indicated
nearly identical decay rates of activated BLM (ABLM) with
and without substrate present,® the more recent study by
Solomon and co-workers,?® which took advantage of a dis-
tinct signature of ABLM in MCD spectra, provides evidence
in favor of direct interaction between this Fe™(OOH) inter-
mediate and the substrate. Differences in reactivity of syn-
thetic Fe™(OOH) complexes (which are sluggish oxidants)
compared to a natural system, ABLM, can be attributed, at
least in part, to differences in spin states of iron(III), and to
enzyme-like proximity effects due to bleomycin intercala-
tion between the DNA base pairs.

Results presented herein, suggest that self-decomposition
of Fe"(OOH) generates an active species capable of oxidiz-
ing an aromatic substrate. Fe™(OOH) can udergo heterolyt-
ic or homolytic O—O bond cleavage to produce Fe'=0O or
Fe™V=0 respectively (Scheme 5). It is believed that mononu-
clear non-heme iron enzymes that hydroxylate aromatic sub-
strates, pterin-dependent oxygenases (PheH, TyrH, TrpH),
function by means of high-spin Fe'V=0;®! recently this in-
termediate was trapped in the reaction catalyzed by Tyro-
sine hydroxylase (TyrH) and characterized by rapid freeze—
quench Mossbauer spectroscopy.® By now many synthetic
FeV=0 complexes have been generated and characterized
spectroscopically and, in several cases, crystallographical-
1y," and in some cases, this species was able to carry out
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an oxidation of organic substrates (cyclooctene,® %! cyclo-
hexane,™! thioanisole,’®” triphenylmethane % alcohol,’®*"!
anthracene™)). Intramolecular, regioselective hydroxylation
of the appended aromatic ring in reaction of [Fe"(6-Ph-tpa)-
(CH,CN),J** (6-Ph-tpa =tris(6-phenyl-2-pyridylmethyl)-
amine) with fBuOOH also reportedly proceeds by means of
a homolytic pathway that generates an Fe'V=0 species as a
competent oxidant."? However, we recently showed that
the tpa—Fe'Y=0O intermediate does not hydroxylate benzoic
acids.” In addition, an Fe=0O intermediate supported by a
substituted TPEN did not oxidize anisole (although efficient
anisole hydroxylation with H,O, was promoted by this iron
complex).!! In the present work, we were able to generate,
in high yield, an Fe"™V=0 intermediate supported by bpmen,
and confirmed that bpmen-Fe'Y=0 does not hydroxylate ar-
omatic rings. Similarly to iron(IIT)-hydroperoxo intermedi-
ates, the differences in reactivity of ferryl(IV) species in en-
zymes and in synthetic complexes can be attributed to dif-
ferent spin states of iron(IV)®*" (high spin in mononuclear
non-heme iron enzymes,” and low spin in synthetic inter-
mediates supported by aminopyridine ligands™), and by
proximity effects in enzymes (and also in intramolecular
ligand hydroxylations by iron(IV) species in synthetic sys-
tems).*>%! An alternative mechanistic pathway that starts
with O—O bond homolysis would utilize HO' radicals in the
hydrogen atom abstraction from the aromatic ring, immedi-
ately followed by an oxygen atom incorporation from the
adjacent Fe™=0O species. This scenario is inconsistent with
inverse H/D kinetic isotope effects in aromatic hydroxyl-
ation (an electrophlic attack rather than a hydrogen atom
abstraction must occur). In addition, use of an hydroxyl rad-
ical trap (galvinoxyl radical) did not effect the yields of phe-
nols. Observed NIH shift also argues against HO" radicals
playing a major role in the aromatic ring hydroxylation.
We have shown that acetic acid facilitates decay of Fe
(OOH) and leads to faster Fe™-phenolate formation, thus
acetic acid promotes formation of reactive species responsi-
ble for aromatic hydroxylation. Moreover, acetic acid assist-
ed O—O bond heterolysis of a mechanistic probe MPPH in
the presence of 1 and benzene was accompanied by a signifi-
cant growth in yields of hydroxylated products (phenolates),
these results suggest that hydroxylation is performed by
FeY=0 species. Carboxylic acid assisted O—O bond heteroly-
sis pathway, leading to an as-of-yet unobserved Fe'=0 oxi-
dant, has been proposed!'” by Mas-Ballesté and Que in the
efficient epoxidation of olefins by H,0O, in the presence of
acetic acid and [Fe"(tpa)(CH;CN),]**, and it also appears to
be a likely mechanism of regioselective benzoic acid hydrox-
ylations.”! Recently, another example of aromatic hydroxyl-
ation involving a proposed Fe=0 intermediate was report-
ed. Upon addition of CH;CO;H to a solution containing
[Fe"(bgen)]**  (bgen = N,N'-dimethyl-N,N'-bis(8-quinolyl)-
ethane-1,2-diamine) and benzyl alcohol, aromatic ring was
hydroxylated at the ortho-position.™” Interestingly, the cor-
responding Fe'Y=0O species did not hydroxylate aromatic
ring, but produced benzaldehyde. The intermediate respon-
sible for aromatic hydroxylation was found to rapidly ex-

II_
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change with H,"®O and was formulated as an Fe¥=O species.
A similar oxidant has been proposed for the iron-catalyzed
self-hydroxylation of aryl peroxyacids,” and for the intra-
molecular hydroxylation of the aromatic ring covalently ap-
pended to the analogue of 1.1 Although only one non-
heme iron(V)-oxo complex has been directly observed at
low temperature as a transient species and characterized by
a variety of spectroscopic methods,” and recent (albeit pre-
liminary)”” EPR results suggested transient, low-yield gen-
eration of Fe" from [Fe(bpmen)]** and H,0,,” indirect evi-
dence supporting participation of non-heme Fe'-oxo inter-
mediates in oxidations of alcohols,” olefins,”® and
arenes!® "% continues to accumulate.

In summary, [Fe(bpmen)(CH;CN),][CIO,], (complex 1) is
efficient in promoting hydroxylation of aromatic hydrocar-
bons with hydrogen peroxide, and the reaction is greatly ac-
celerated by additions of carboxylic acids. The system re-
ported herein is a rare example of an efficient aromatic hy-
droxylation with non-heme iron complex and hydrogen per-
oxide that allows for an unambiguous interpretation of the
role of the Fe™-hydroperoxo intermediates. A new bpmen—
Fe™(OOH) intermediate is definitely involved in the reac-
tion pathway, but it does not attack the aromatic rings di-
rectly, generating a different, metal-based active oxidant in-
stead. Another new intermediate, bpmen-Fe'V=0, was gen-
erated and shown to be unreactive with aromatic substrates.
An acid-assisted O—O bond heterolysis of coordinated per-
oxides is likely involved in the reaction pathway (Scheme 5).
Inverse H/D kinetic isotope effects and the NIH shift in hy-
droxylations of selectively deuterated substituted benzenes
imply an electrophilic attack of the aromatic ring by the oxi-
dant and exclude a hydrogen atom abstraction as the key
step in the hydroxylation pathways.

Experimental Section

All chemicals and solvents were purchased from Aldrich, Acros Organics
or Fisher Scientific and were used without additional purification unless
otherwise noted. H,"®0, (90% isotopic purity, 2% solution in water) was
obtained from ICON Isotopes, H,"O (98%) was purchased from Cam-
bridge Isotope Laboratories. Use of anhydrous HPLC grade acetonitrile
is imperative in order to obtain Fe''(OOH) intermediate. GCMS experi-
ments were carried out using a Shimadzu GC-17 A gas chromatograph
(Rtx-xLB column) with a GCMS-QP 5050 mass detector. Time-resolved
spectra of rapid hydroxylation reactions were acquired with TgK Scientif-
ic (formerly Hi-Tech Schientific, Salisbury, Wiltshire, UK) SF-61DX2
cryogenic Stopped-flow system equipped with J&M Diode array (Spec-
tralytics).

Materials: Isopropyl ester of 2-iodoxybenzoic acid (IBX ester),*® N,N'-
dimethyl-N,N'-bis(2-pyridylmethyl)ethane-1,2-diamine  (bpmen)®®¥ and
[Fe(bpmen)(CH,CN),](ClO,), (1)®*! were prepared using published pro-
cedures. 2-Methyl-1-phenyl-2-propyl hydroperoxide (MPPH), generously
provided by Prof. John Caradonna, was recrystallized from pentane
(20°C) prior to use until iodometric titration proved> 98% activity.!*!
For iodometric titration solid KI (210 mg) was added to recrystallized
MPPH (30 mg) dissolved in aqueous acetic acid (20 mL, 25% v/v). The
reaction was allowed to proceed for 10 h in a sealed flask followed by
quick titration of the resulting brown solution with Na,S,0; (0.1M aque-
ous solution).
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Determination of phenol yield using GCMS: Mixture of 1 with benzene
in CH;CN was prepared in a glove box. Hydrogen peroxide was prepared
aerobically and delivered at room temperature; the resulting solution
was stirred for 30 min for reaction to complete. Reaction mixtures were
acetylated (0.1 mL of 1-methylimidazole and 1 mL of acetic anhydride)
for 30 min followed by addition of 1M HCI (2 mL) and extraction with di-
chloromethane (1 mL). The organic layer was washed with saturated
aqueous NaHCO; (2 mL), water (2 mL) and finally dried over MgSO,.
Internal standard (nitrobenzene or naphthalene) was added prior to the
extraction. Yields of hydroxylated products were established by GCMS
relative to the internal standard and converted to absolute yields using a
calibration curve with phenyl acetate and the corresponding standard, de-
termined prior to each run. All experiments were run at least in tripli-
cate, reported yields are average of these trials.

Determination of H/D KIE: An solution of 1 (5 mM) in acetonitrile and
a 1:1 mixture of toluene/[D8]toluene (150 equiv each; the ratio of protio/
deuterio isotopomers was analyzed by GCMS and adjusted to 1:1 if nec-
essary) was prepared in a glove box. H,0O, (3 equiv vs. 1) was added
dropwise at room temperature and the mixture was left to react for
30 min. Products were acetylated and subjected to GCMS analysis; the
amounts of the H and 'H products were quantified by integrating the
peaks of their corresponding ions. The o-, m-, and p-cresols were well
separated in the chromatogram; however, the GC peak from meta cresol
partially overlapped with benzyl alcohol. Therefore we used an ion
unique to benzyl alcohol (91 for protio and 98 for deutero) to determine
KIE for the hydroxylation of CH; group; relatively low intensity of this
peak limits the accuracy of KIE for benzylic hydroxylation. Additional
details are provided in Supporting Information (Figure S24).

Stopped-flow experiments: Kinetic measurements were performed in the
diode array mode using a stopped-flow instrument. Reactivity of 1 with
hydrogen peroxide in the presence of benzene was studied in acetonitrile
at 20°C. In a single mixing experiment, an acetonitrile solution of 1 and
benzene was prepared in a glove box and mixed with H,O, in the
stopped-flow. In a double mixing experiment 1 was mixed with H,O,, the
reaction mixture was incubated to reach the highest yield of Fe''(OOH)
(age time), followed by addition of benzene. The effect of acetic acid on
hydroxylation rate was studied in a double mixing experiment, in which
Fe"(OOH) was pre-generated by mixing 1 and H,0, at 20°C followed
by addition of benzene with variable amounts of acetic acid (14 equiv
vs. 1). Concentrations of all reagents are reported in the figure captions
for the onset of the reaction (after mixing). Kinetic parameters were de-
termined in SPECFIT (global fitting), Kinetic Studio or IgorPro using
single-exponential (A—B) or double exponential (A—B—C) models.
Single-exponential fit was calculated to A =A;,;+ AAexp(—kt), in which
Ay is absorbance of the reaction mixture after reaction is complete,
AA=A\—A;y; A is initial absorbance. Similarly, double-exponential fit
was calculated using A=A+ AA, exp(—k,t) + AA,exp(—k,t). All experi-
ments were run in at least triplicate and averaged rate constants are re-
ported. The activation enthalpy and entropy for Fe"(OOH) formation
were calculated from linear Arrhenius and Eyring plots.

Isotope-labeling studies: A mixture of 1 (2 mm) and benzene (280 equiv
vs. 1) was prepared in a glove box. In experiments with labeled hydrogen
peroxide, H,"*0O, (11 uL, 0.53m, 3 equiv vs. 1) was added to the 1/benzene
mixture (1 mL) at room temperature. In an experiment with labeled
water, H,”O (11 pL, 98%) was added to solution of the 1/benzene
(1 mL) prior to the addition of H,0, (60 uL of 0.1m H,O, diluted by
CH;CN from 70 % stock solution). After 30 min the reaction mixture was
subjected to GCMS analysis as described above.

EPR studies: Purple species 2 was generated directly in the EPR tube by
mixing 1 (3 mM, 0.15 mL) with H,O, (30 mm, 0.15 mL) in acetonitrile at
room temperature. The tube was frozen immediately after all hydrogen
peroxide was injected (5s). Complex 2 decays fast when treated with
acetic acid: Complex 2 was pre-generated in the EPR tube as described
above and then acetic acid (1.5 mm, 0.11 mL, <0.5 equiv vs. iron) was in-
jected into the tube and reaction quenched in liquid nitrogen (reaction
time 5s). All EPR spectra were acquired at 120 K. EPR spectra simula-
tion were done using SimFonia (Bruker).
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MPPH cleavage: O, was bubbled through anaerobically prepared solu-
tion of 1 (2 mm) and benzene (280 equiv vs. iron) in acetonitrile (1 mL)
for 20 s followed by injection of MPPH (60 uL, 2 umol, 1 equiv vs. iron)
at room temperature. After addition of MPPH, solutions were stirred for
~30min and prepared for GCMS analysis as described above. When
looking at the effects of H* on the reactivity, acetic acid (10 pL, 1 pmol,
0.5 equiv vs. iron) was added to 1/benzene mixture before purging it with
0,.

Blank solutions containing only pure acetonitrile (1 mL) were treated
same way as the 1/benzene mixtures. Control samples with pure bibenzyl,
benzyl alcohol acetate, benzaldehyde, 2-methyl-1-phenyl-2-propyl alcohol
acetate (MPPol), phenyl acetate and nitrobenzene were run to find de-
tector response for each product against nitrobenzene.
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