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Heterolytic Cleavage of Peroxide by a Diferrous Compound Generates
Metal-Based Intermediates Identical to Those Observed with Reactions
Utilizing Oxygen-Atom-Donor Molecules

Gerard T. Rowe,"”! Elena V. Rybak-Akimova,"” and John P. Caradonna*!*!

Abstract: Under cryogenic stopped-
flow conditions, addition of 2-methyl-1-
phenylprop-2-yl hydroperoxide
(MPPH) to the diiron(I) compound,
[Fe,(H,Hbamb),(NMeIm),] (1; NMe-
Im = N-methylimidazole; H,HBamb:
2,3-bis(2-hydroxybenzamido)dimethyl-
butane) results in heterolytic peroxide
O—O bond cleavage, forming a high-
valent species, 2. The UV/Vis spectrum
of 2 and its kinetic behavior suggest
parallel reactivity to that seen in the
reaction of 1 with oxygen-atom-donor
(OAD) molecules, which has been re-
ported previously. Like the interaction

with MPPH proceeds through a three
step process, assigned to oxygen-atom
transfer to the iron center to form a
high-valent intermediate (2), ligand re-
arrangement of the metal complex,
and, finally, decay to a diferric p-oxo
compound. Careful examination of the
order of the reaction with MPPH re-
veals saturation behavior. This, coupled
with the anomalous non-Arrhenius be-
havior of the first step of the reaction,
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indicates that there is a preequilibrium
peroxide binding step prior to O—O
bond cleavage. At higher temperatures,
the addition of the base, proton
sponge, results in a marked decrease in
the rate of O—O bond cleavage to form
2; this is assigned as a peroxide depro-
tonation effect, indicating that the
presence of protons is an important
factor in the heterolytic cleavage of
peroxide. This phenomenon has been
observed in other iron-containing en-
zymes, the catalytic cycles of which in-
clude peroxide O—O bond cleavage.

with OAD molecules, the reaction of 1

Introduction

The activation of dioxygen in diverse, iron-dependent oxy-
genase systems such as cytochrome P450, phenylalanine hy-
droxylase, and soluble methane monooxygenase (sSMMO) is
generally understood to proceed through the two-electron
reduction of dioxygen to form either an end-on n' iron
(hydro/alkyl) peroxide species or a side-on 1’ iron peroxide
species.'™ The resulting heterolytic cleavage of the iron-
peroxo O—O bond in the presence of H* yields one equiva-
lent of H,O/ROH and a high-valent iron-oxo intermediate,
the electrophilic oxygen atom of which is ultimately inserted
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into a substrate C—H bond. Current efforts are directed at
modeling this process by using synthetic analogue systems
to better understand the mechanism by which 1) dioxygen
activation and 2) peroxide O—O bond cleavage occurs.*”
One particularly challenging aspect of modeling the function
of these enzymatic systems is effecting the heterolytic cleav-
age of the peroxide O—O bond to form an Fe!Y=0 species
that will then oxidize substrates with significant C—H bond
strengths. Many iron-based monooxygenase model systems
are reported to promote homolytic cleavage of peroxide O—
O bonds, resulting in the production of hydroxyl or alkoxyl
radical species.*® We report herein a detailed low-tempera-
ture kinetic characterization of the metal-based intermedi-
ates observed after the heterolytic cleavage of the O—O
bond of 2-methyl-1-phenylprop-2-yl hydroperoxide (MPPH)
by the diferrous complex, [Fe,(H,Hbamb),(NMeIm),] (1;
NMelm = N-methylimidazole; H,HBamb: 2,3-bis(2-hydroxy-
benzamido)dimethylbutane Figure 1), a synthetic analogue
system that was previously shown to catalyze the oxidation
of alkanes to alcohols.

Early evidence suggesting the ability of small molecule
iron compounds to utilize peroxides in a non-hydroxyl radi-
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Figure 1. Structure of the ligand and assembled metal complex, 1.
NMelm = N-methylimidazole.

cal dependent fashion to oxidize substrates was provided by
Groves and co-workers, in which a ferrous perchlorate/
perchloric acid system in anhydrous acetonitrile was shown
to catalyze the stereoselective hydroxylation of cyclohexanol
to cis-cyclohexane-1,2-diol as the major product.”’) Subse-
quent studies by Sawyer et al. concluded that this anhydrous
system (< 0.005% H,O) was also capable of oxidizing phos-
phines and sulfides, and causing dehydrogenation of cyclo-
hexadiene in the absence of perchloric acid.l'! In each case,
an Fe™Y=0 species was proposed as the active oxidant due
to the observed reactivity behavior that is uncharacteristic
of radical species. However, the presence of modest (2%)
concentrations of H,O led to the activation of chemistry
consistent with the formation of the hydroxyl radical. Inter-
pretation of this chemistry is further challenged by the reali-
zation that Fe'Y=0 species can arise from either heterolytic
or homolytic peroxide O—O cleavage pathways involving
Fe!' or Fe'"!, respectively.®

Differentiating iron-based homolytic versus heterolytic
peroxide cleavage pathways by the examination of product
distributions remains difficult, as oxygen-based radicals are
themselves potent oxidants and can lead to similar prod-
ucts.*112 Tn this report, we utilize the mechanistic probe
peroxide MPPH to define the mode of iron-induced perox-
ide O—O cleavage."! As seen in Scheme 1, homolytic cleav-
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Scheme 1. Heterolytic/homolytic decomposition pathways of MPPH.

age of the O—O peroxide bond of MPPH results in a radical
species that undergoes very rapid (2.2x10%s™") B-scission re-
arrangement to produce one equivalent each of acetone and
benzyl radical. The less-potent benzyl radical will then react
further to produce a known series of products that can be
detected by GC, GC/MS or LC/MS analytical methods.[*!!
Heterolytic cleavage of the O—O bond results in the forma-
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tion of the corresponding alcohol, 2-methyl-1-phenylprop-2-
ol (MPP-OL) concomitant with the expected formal transfer
of an oxygen atom to the metal center. The utilization of
MPPH in place of tert-butyl hydroperoxide or hydrogen per-
oxide has proven useful in establishing the participation of
freely diffusing oxygen-based radical species in systems pre-
viously believed to oxidize substrates solely by means of a
metal-based oxidant.”!

We have previously reported that 1 is capable of utilizing
MPPH as the oxygen atom source to hydroxylate alkanes
such as cyclohexane (BDE. =414 kJmol™!; BDE =bond
disassociation energy) in excess of 200 turnovers with
>98% O-atom mass balance, yielding the major product cy-
clohexanol (>200 turnovers) with a small amount of cyclo-
hexanone (5 turnovers) resulting from the oxidation of cy-
clohexanol; MPP-OL was the sole peroxide cleavage prod-
uct indicating that only Fe-catalyzed heterolytic O—O bond
cleavage occurred.”! A series of reports show that other se-
lected metal systems also induce heterolytic cleavage of the
O—O bond of MPPH. The titanosilicate epoxidation cata-
lyst, TS-1, is capable of utilizing MPPH in the epoxidation
of alkenes in greater efficiency than hydrogen peroxide or ¢-
butyl hydroperoxide.'” Heme model systems were also ob-
served to promote heterolytic cleavage of MPPH."! Interest-
ingly, the heme systems were reported to produce varying
amounts of homolytic products as well, and the extent to
which this occurred decreased with the presence of more
electron withdrawing heme substituents. Because the hetero-
lytic pathway has been implicated in mechanistic studies of
our system, and in light its demonstrated oxidative catalytic
abilities,"!! we believe that 1 proceeds through an Fe'V=0 in-
termediate species in its reaction with oxygen-atom-donor
(OAD) molecules and peroxides. Starting with a 1-peroxo
adduct, O—O bond heterolysis would result in the formal
two-electron oxidation of the metal compound, concomitant
with oxygen transfer, with the formation of an Fe'V=0O spe-
cies as the most likely mechanism. This is supported by the
compound’s subsequent reaction chemistry that has been re-
vealed in previous low-temperature stopped-flow studies
with OAD molecules." In this current work, we study the
mechanism by which binuclear [Fe,Fe'], 1, reacts with
MPPH to form a high-valent iron intermediate through the
use of low-temperature stopped-flow UV/Vis spectroscopy.

Results and Discussion

Reaction of 1 with MPPH and comparison to OAD: The re-
action of a 100-fold excess (pseudo-first order) of MPPH
with 1 at 188 K in a 70:30 (v/v) mixture of dichloromethane/
dimethylformamide exhibits triphasic behavior as observed
by stopped-flow UV/Vis spectroscopy. The reaction pro-
ceeds through three observed steps: i) the fast (k=10(1)
M's™) pseudo-first order growth of an intermediate spe-
cies, 2, with a chromophore centered around A =435 nm, fol-
lowed by ii) the slower (k=0.05s"") conversion to a second
intermediate species, 3, with a chromophore with 4., =
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438 nm (¢=4000 cm 'M™), and iii) the decay to a final spe-
cies, 4, at a slow rate (k=0.005(1) s~ at 190 K) with A,,,=
445 nm (£=7500 cm'm7"). In previous stopped-flow studies
of the reaction of 1 with OAD molecules, the same triphasic
behavior was seen (Table 1),'l and in the reaction with
MPPH, the three successive reaction steps are similarly as-
signed as i) oxygen atom transfer to one of the Fe*" centers
of 1 to form 2, assigned as an FeV=0 species, ii) ligand rear-
rangement to 3, in which bridging phenolate groups from
the ligands shift to a terminal position, and iii) collapse of
the Fe'Y=0 moiety onto the neighboring ferrous iron center
to form the inert, diferric p-oxo (Fe™-u-O-Fe™) 4. The stoi-
chiometry of the reaction is shown in Equations (1-3).

1 -+ MPPH-52 + MPP-ol (1)
24,3 (2)
35,4 (3)

The rate laws used to fit the kinetic data are shown in
Equations (4-6).

di]  dp]

~4r = ar = kaw[l] = ki [1)[MPPH] (4)
d2] d3

—S = =kl (5)
dE]  dd4

~r =g = kB3l (6)

As seen in Figure 2, the reaction of 1 with MPPH results
in the formation of species with identical chromophores as
with an OAD molecule, leading us to propose the analogous
mechanism shown in Scheme 2. In addition, in the reaction
of 1 with MPPH, only heterolytic cleavage products have
been observed, implying the same 2-electron chemistry
occurs in both MPPH and OAD (i.e., homolytic O—O bond
cleavage would imply one-electron chemistry, resulting in a
different iron-oxygen species).

Assignment of steps and factors affecting kinetic parame-
ters: The initial k, reaction of MPPH with [Fe"Fe"], 1, ex-
hibits first-order dependence for both peroxide and 1 con-
centrations, while subsequent kinetic steps (k, and k;) are
oxidant independent. The k; reaction does, however, exhibit
saturation behavior; the plot of initial rate versus MPPH
concentration deviates from linearity at high MPPH concen-
trations, and appears to posses an asymptotic shape

Table 1. Kinetic and activation parameters at 188 K.
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Figure 2. Diode array stopped-flow UV/Vis spectra showing the reaction
of 1 with MPPH (—) at 198 K; A) after 3.5 s forming a species with
Amax=438 nm and B) after 380 s, shifting to A,,,, =445 nm. Superimposed
onto both spectra is the analogous spectrum of the species resulting from
the reaction of 1 with the OAD, 2,6-dimethyliodosylbenzene in equiva-
lent time regimes (-----).

(Figure 3). This saturation behavior would be expected for a
rapid, preequilibrium binding process resulting in a reactive
species that converts to 2. This assignment is supported by
the anomalous non-Arrhenius behavior observed at low
temperatures in studies of 1+MPPH versus 1+MPPH +
proton sponge (1,8-bis(dimethylamino)-naphthalene) (see
below).

Following the formation of 2, the absorbance at A=
438 nm continues to increase at a slower rate than the initial
formation of 2. This second step is assigned as a ligand rear-
rangement of 2 to form 3. This rate of this second process is
independent of oxidant concentration, and is similarly unaf-

fected by the presence of base.
In addition, studies of 1 with

Oxidant INTC AS AGLr r I I wof one-electron oxi.dants . have

[Kmol '] [Jmol'K] [Kmol] [w's'] [s ] s ] shown that following rapid, ox-
MPPH 30(4) —60(18)  41(7) 10(1) 0052) 000s()@ ©  idant-dependent  oxidation
MPPH + 1.3 equiv proton sponge — - - 9(1) 0.08(2) - (el (comproportionation with oxi-
p-CN-DMANO 36(4) 21(12)  33(6) 47(2)x10° 03(1) 0003(1) [14] dized diferric 1, k=4.3(5)x
Me,PhIO - - - 69(5) 03(1) - (141 10°m7's™';  1,l'-trimethylene-

[a] Rate measured at 193 K. [b] This work.
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Figure 3. Plot of initial rate versus MPPH concentration exhibiting satu-
ration behavior. Curve fit to Michaelis-Menten equation. Each data point
represents the average of at least 5 runs. [1]=0.2 mm. Rates measured at
188 K.

2.4(6)x10°M~' s7'; [TBA]3[Mo(CN)], k=52(5)x10*m"'s7';
at 188 K) of the diferrous core of 1, the resulting mixed-va-
lence compound continues to exhibit an increase in the ab-
sorbance of its chromophore (1=436 nm) at a significantly
slower rate independent of oxidant, and is assigned as a
ligand reorganization resulting in species 3 (Scheme 2).¥
Direct experimental evidence supporting such an oxida-
tion-state driven ligand reorganization arises from X-ray
crystallographic studies on a series of related ligand systems
in which the nature of the linker group (-(CH,),-, n=2-5)
between the diamide moieties was altered.'”) Comparative
structural studies of three sets of [Fe™,Fe"] and [Fe™(p-
OMe),Fe™] complexes show conversion of the p-n*-
Ophenome_M-T]1-Ocarbony1 binding motif in the diferrous com-
pounds (and by inference in 2) to the terminal Openolae™
Ocabonyl in the diferric compounds (and by inference 3 and
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gen and subsequent O—O bond
cleavage to generate the pro-
posed [Fe,FelV=
O]=[Fe™ Fe'=0] or [Fe"(u-
0),Fe'] reactive species.'*?"! Computational simulations led
to the hypothesis that the p-(n>n')-carboxylate bridge
breaks between the first and second-electron reduction of
dioxygen (i.e., with formation of the bound peroxo species),
concomitant with formation of a hydrogen-bonding interac-
tion with an iron-bound water ligand. Interestingly, low-tem-
perature stopped-flow spectroscopic studies suggest that the
PAC-shift for the synthetic complexes occurs after the initial
one-electron (chemical) or two-electron (reaction of difer-
rous core with OAD molecules™ or heterolytic cleavage of
MPPH) process. Similarly, both the enzymatic carboxylate
shift and the synthetic model PAC shift are readily reversi-
ble upon reduction of the ferric centers, suggesting a ther-
modynamic preference for the bridging structures in the
fully reduced binuclear cores and the presence of relatively
small activation energies for both the forward and reverse
processes indicating a closeness in absolute energy between
the limiting structures.’)] It currently remains unclear in the
absence of detailed spectroscopic and computational studies
what electronic (and hence chemical) role the coupling of
the two metal centers has on the energy profile of the initial
intermediate formation process (intermediate 2) before the
PAC-shift and how the energy content (and hence reactivity
properties) of the intermediate (species 3) is altered as a
consequence of this rearrangement.

The final step in the reaction with MPPH results in the
slow formation of the inert diferric p-oxo compound 4,
which has been independently synthesized and previously
characterized."" 4 is incapable of oxidizing substrate in the
presence of MPPH; homolytic O—O bond cleavage occurs
instead.™ In addition, irradiation of 4 with short-wave UV
light (1~250 nm) in the presence of cyclohexane and air re-
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sults in no observable formation of cyclohexanol or cyclo-
hexanone. These data indicate that the p-oxo[Fe™ Fe™]
complex is inert and does not readily convert either ther-
mally or photochemically into a species that supports cata-
lytic C—H bond oxidation in the presence of MPPH.

The observed MPPH-based kinetic behavior is consistent
with data we reported earlier for the reaction of 1 and OAD
molecules, in which an oxidant-dependent process was fol-
lowed by two oxidant-independent steps that ultimately
result in the formation of an inert diferric p-oxo compound
(4). However, unlike its reaction with OAD molecules, the
initial k; reaction of 1 with MPPH is remarkably slower at
low temperatures, with the peroxide exhibiting rates that are
7 and 470 times slower than those seen in the reactions with
the OAD molecules 2,6-dimethyliodosylbenzene (Me,PhIO)
and  4-(dimethyl-amino)benzonitrile =~ N-oxide  (p-CN-
DMANO), respectively (Table 1). Based on the sensitivity
of k, to the nature of the oxidant used, this step was previ-
ously assigned as an X—O bond-breaking reaction that re-
sults in the production of a high-valent iron intermediate
and deoxygenated OAD molecule/alcohol.™ Tf this assign-
ment is correct, the data indicate that either the peroxide
O—O bond strength is discernibly stronger than the I-O®
or the N—O® bonds (both with BDEy_,~260 kImol™!) of
the OAD molecules previously utilized, or alternatively, the
transition state is simply higher in energy because heterolyt-
ic cleavage of the peroxide O—O bond results in the initial
formation of a charged alkoxide species in an organic sol-
vent system, or some combination of both possibilities.

In light of the current findings, however, this explanation
cannot be entirely true. The data show a lack of correlation
between the rate constants k; with the X—O bond enthalpies
(as seen from the effectively equivalent bond enthalpies for
the PhIO and amine N-oxide). This discrepancy is under-
standable from the analysis of the activation parameters,
where the k; values do not increase with a lowering of the
activation enthalpy as one would expect for an elementary
bond breaking reaction (Table 1). Instead, the k; values ex-
hibit a strong dependence on the entropy of activation,
which would be expected for a two-step reaction with a
rapid (but left-lying) preequilibrium binding step. In such a
case, both the oxidant binding and inner-sphere O-atom
transfer processes would contribute to the overall observed
rate constant k;, and the activations parameters are compo-
site values.

Effect of proton sponge on the reaction: To better under-
stand if the binding affinity of MPPH to the iron center was
a factor in the rate of the k; reaction, 1.1 equivalents of
proton sponge (pK,=12.1; in water at 25°C) were combined
with the solution of MPPH (pK,~12.8; in water at 20°C)?¥
used in the stopped-flow experiment with the intent to de-
protonate the hydroperoxide ([proton sponge|=27 mwm,
[MPPH] =25 mm). If the rate of the reaction of MPPH with
1 is sensitive to the fraction of peroxide that is bound to the
ferrous iron complex, then increasing the Lewis basicity of
the entering MPPH moiety by removal of a proton is ex-
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pected to increase the value of k;. Alternatively, if the
proton sponge is insufficiently basic to deprotonate the hy-
droperoxide at such low temperatures, it should be capable
of deprotonating the hydroperoxide once it is bound to the
metal center at which point the hydroperoxide acidity is ex-
pected to increase.

Although the addition of proton sponge has no discerni-
ble effect on the k; rate at 188 K (10m ‘s for MPPH
versus 9M s for MPPH/proton sponge), its presence has
a much more dramatic effect at temperatures greater than
208 K (528m~'s™! for MPPH versus 375M 's™' for MPPH/
proton sponge at 228 K) as seen in Figure 4. At these higher

X +
X+

o
N
>+

=31 %

4 T T |
4.00 4.50 5.00 5.50
1Tx10%K™

Figure 4. Eyring plot of the k, process in the reaction of 1 with MPPH
from 188 K to 228 K (4) and MPPH in the presence of proton sponge
from 188 K to 238 K (x). Data points are an average of at least 3 runs.

temperatures, proton sponge causes a marked slowing of the
reaction with respect to MPPH. We attribute this divergence
to the presence of a deprotonated MPPH-1 complex. Be-
cause a deprotonation effect causes a decrease in the k,
rate, the decrease in rate cannot be attributed to peroxide
binding, as deprotonation of the metal-bound hydroperoxide
is expected to increase the binding affinity to the metal
center. Instead, the differences are attributed to the role
that protonation plays in the cleavage of the O—O bond and
the stability of the resulting alcohol/alkoxide. The rate dif-
ference may reflect the relatively higher pK, values of alco-
hols with respect to their corresponding peroxides. In the
proton-deficient environment found in the CH,Cl,/DMF sol-
vent system, heterolytic cleavage of the peroxide O—O bond
would result in an anionic alkoxide, which is expected to be
a higher energy situation than generation of the correspond-
ing neutral alcohol.

The differences in k; values observed for MPPH and
MPPH/proton sponge at higher temperatures may result
from a general base effect on the catalyst itself rather than
the effects of peroxide deprotonation, but this possibility is
ruled out based on the results of a previous experiment in
which exogenous base (p-cyanodimethylaniline) was added
to the stopped-flow mixture.™ In these experiments, the ad-
dition of up to a 10-fold excess of base with respect to iron
complex had no effect on the k; rate; the k, and k; rates
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were similarly unaffected. Consequently, we attribute the
observed differences in the &, rate of the reactions of 1 with
MPPH and MPPH/proton sponge as arising from the differ-
ential rates of O—O bond cleavage of the protonated and
deprotonated forms of the peroxide bound to the ferrous
iron center, respectively.

Non-Arrhenius and saturation behavior: Close inspection of
the Eyring analysis of the k; reaction of 1 with MPPH re-
veals what appears to be a non-linear temperature depen-
dence of In(k/T) (see Figure 4 and Figure S5 in the Support-
ing Information). Non-Arrhenius behavior has been ob-
served in other systems, and has several possible causes.”””)
In our system, the most likely origin of the deviation from
linearity is the initial k; reaction being a composite of a pre-
equilibrium peroxide-binding step followed by an O—O
bond cleavage step. A shift of the binding equilibrium con-
stant with temperature can cause the apparent activation
energy to change, and manifest as non-linearity in the
Eyring plot.

This assignment is supported by the observation of satura-
tion kinetic behavior in MPPH concentration (Figure 3). A
fit to the Michaelis—Menten equation by using non-linear
least-least squares methods gives an apparent K, value of
approximately 160 mwm, indicating that MPPH binds weakly
to 1. Saturation behavior is not frequently observed in non-
enzymatic systems, but examples exist in the literature,
and this behavior should be observable, in principle, for any
system in which a rapid pre-equilibrium binding step exists.

Potential biological relevance: The equivalent nature, as de-
termined by low temperature stopped-flow spectroscopic
studies, of the reaction of diferrous 1 with OAD mole-
cules™ and the mechanistic probe peroxide MPPH that has
undergone heterolytic O—O bond cleavage indicates the for-
mation of an equivalent reactive intermediate (2) that then
follows an oxidant independent progression through rear-
ranged species 3 before collapsing to the catalytically inert
p-oxo diferric complex, 4. Although the thermodynamic ac-
tivation parameters for the formation of 2, assigned as an
[Fe", Fe'Y=0] core, are expectedly different for the OAD
and MPPH reactions, the k, and k; steps representing a
ligand reorganization and collapse of the reactive species to
the mutual end product, respectively, are equal. These data
reflect the generation of an identical binuclear species that
than follows a common chemical channel. Such behavior is
entirely expected based on previous studies demonstrating
the ability of 1 to catalyze the oxidation of cyclohexane
(BDE. y=414kImol™") to cyclohexanol utilizing PhIO
(TON=57, 47% efficiency)””! or MPPH (TON =230, 98 %
efficiency)” as the oxidant. We therefore propose that 1
represents a credible functional analogue of the reduced
active site binuclear center of sMMO based on i) the ability
of 1 to catalyze the catalytic oxidation of alkanes to alco-
hols,*?" ii) data showing that 1 induces heterolytic cleavage
of the alkyl peroxide MPPH, iii) observed parallel chemis-
try reported previously™ and herein describing the chemi-
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cal consequences and reaction progression of reacting OAD
molecules and MPPH with the reduced diferrous core of 1
(1:1 stoichiometry), iv) the equivalence of the electronic
spectra generated by the reaction of 1 and MPPH or a
number of different OAD molecules, and v) the striking
similarity of the electronic spectra of 3 and the kinetically
competent intermediate of SMMO (kinetic Q). Although
3 [Fe, Fe'Y=0] is formally two electron equivalents reduced
from the diferryl core of kinetic and spectroscopic Q, the
above noted properties suggest that the detailed investiga-
tion of the reactivity and spectroscopic properties of 3 is rel-
evant to understanding binuclear iron monooxygenase
chemistry and that a critical review of the structural assign-
ment of the kinetic Q species of SMMO as a [Fe"(u-
0),Fe'] moiety (spectroscopic Q) is warranted.!"!

An elegant comparative study assessing the abilities of
spectroscopically ~ characterized  binuclear ~ [LFe"(p-
0),Fe’L] and mononuclear [L(CH;CN)Fe"V=0] complexes
containing the same ligand L to perform H-atom abstraction
with 9,10-dihydro-anthracene (BDE( ;;=310kJmol™") as
substrate showed that the mononuclear Fe'V=0 complex
reacts 100 times more rapidly in the substoichiometric H-
atom abstraction reaction (42% yield; 0.42 turnover) than
the [Fe™(u-O),Fe™] complex (~100% yield, 1 turnover),
independent of the fact that the high-valent binuclear com-
plex has a higher oxidation/reduction potential than the
mononuclear Fe™Y=0 species (E;,=760 mV versus Fc/Fc*
and 490-670 mV, respectively).” The observed lower reac-
tivity of synthetic mononuclear Fe™=0O complexes reported
to date versus the kinetic Q of sMMO are thought to arise
from the fact that the model systems examined have all
been low spin iron(IV) complexes, where DFT calculations
support the assertion that high spin iron(IV) centers, such as
those found in sSMMO, have enhanced reactivity versus low
spin iron(IV) complexes with respect to H-atom abstraction
(and C—H oxidation) processes.””* The substoichiometric
ability of a thermally stable low-spin mononuclear FeV=
complex to oxidize the C—H bond of cyclohexane (29 %
yield; cyclohexanol, 0.03 equiv produced; cyclohexanone,
0.13 equiv produced)®! supports this assertion. These data,
in part, were used to support a proposal in which the highly
reactive active site oxidant in sMMO is unmasked only
when substrate is present in the active site and that the
[Fe™(u-O),Fe"] intermediate effectively serves as a reposi-
tory for the oxidizing equivalents that are made available by
isomerization of the less reactive “diamond core” species to
an intermediate with a terminal oxo group such as an
[Fe™,Fev=0] species.

The experimental and mechanistic implications of this
conversion proposal are intriguing and significant. Immedi-
ately evident would be the real possibility that the nature/
structure of the reactive intermediate assigned as Q in
sMMO would be different in the absence and presence of
substrate. To date, no such ambiguities have been noted, al-
though as discussed earlier,™¥ no unambiguous evidence has
been presented showing that the kinetic Q is the same spe-
cies as the spectroscopic Q. Similarly, detailed stopped-flow
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kinetic studies have concluded that the kinetic Q is catalyti-
cally competent towards substrate oxidations. The possibility
may exist that the opening of the [Fe"(u-O),Fe'] core is
significantly slower than the subsequent substrate oxidation
step such that kinetic evidence for an [Fe™ FeY=0] species
would be absent. Indeed, kinetic studies involving the oxida-
tion of nitrobenzene by Q show no difference nor lag be-
tween the rates of Q decay and nitrophenol formation.”
While the stopped-flow spectroscopic evidence is consistent
with the interpretation that either the kinetic Q represents
the active hydroxylating species or that it is in equilibrium
with the active hydroxylating species, the presence of such
an interconversion would require a reevaluation of tempera-
ture-dependent kinetic data for substrate oxidations, as such
processes would no longer be treated as single step reactions
but as composite process involving at least two distinct
steps. It is also interesting to speculate about the nature of
the triggering mechanism for the substrate-dependent “dia-
mond” core opening process as sMMO is a promiscuous
enzyme capable of oxidizing a wide range of substrates from
methane to linear and branched alkanes, to polyaromatics
and cage substrates.

An alternative mechanism has been proposed by us*!'*%"]
and others®*34 in which the active species is a terminal oxi-
dant that is generated directly during the decomposition of
the peroxide adduct. We have earlier suggested the possibili-
ty that the [Fe"(u-O),Fe"] core may reside along an auto-
decay pathway of the reactive species Q to the resting state
diferric active site.'! The absence of experimental evidence
demonstrating the equivalence of the kinetic and spectro-
scopic Q species (by showing the ability of the spectroscopic
Q, [Fe"™(u-O),Fe'], to oxidize substrates of challenging C—
H bond strengths) coupled with the observed collapse of
species 3 to 4 are consistent with assignment of the [Fe'(p-
0),Fe'] core as residing on an active site salvage pathway.
In addition, the close similarity between kinetically compe-
tent 3 (A, =438 nm, 30 % DMF/CH,CIl,) and the kinetic Q
species (A, 420 nm) argues against the latter containing
an Fe'=0 moiety, as electronic spectra of Fe'Y=0 and Fe'=
O groups are expected to be different. The 1:1 stoichiometry
of 1:MPPH experimentally measured to be necessary for the
generation of 2 and 3 is inconsistent with the formation of a
[Fe™(u-O),Fe™] core for 3. Thus, while the chemistry ob-
served for 1 may reflect an entirely different manifold of
chemistry than what occurs in the sSMMO system, our mech-
anistic data support the ability of a terminal Fe™"=0 moiety
to mimic not only the electronic spectrum assigned as the ki-
netically competent Q species, but also many aspects of its
ability to catalytically oxidize alkanes to alcohols. Further-
more, these data raise the possibility that the observed [Fe'-
(u-O),Fe™] core may not reside on the catalytic cycle but on
an autodecay pathway not relevant to product formation.!

Although the mechanistic and spectroscopic characteriza-
tions of models systems will refine our knowledge of chemi-
cal constraints that play a role in understanding binuclear
iron metalloenzymes, these data reflect transformations and
processes that occur in small molecules, devoid of the pro-
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tein matrix. Nonetheless, these model systems!*'**"*! help
define and highlight potential pathways and focus interest
on experiments designed to unambiguously differentiate be-
tween the various chemically realistic possibilities in bio-
chemical/biophysical studies on the natural enzyme systems.

The decrease in the reaction rate of 1 with MPPH in the
presence of proton sponge is consistent with the defined
role that protons play in the active sites of oxygen activating
enzymes. If the trend of divergent rates between the reac-
tion of MPPH with 1 in the presence and absence of proton
sponge continues to room temperature (298 K), the differ-
ence in rate between the two would become quite signifi-
cant, with the protonated MPPH reacting much faster than
the deprotonated form. If the presence or absence of a
proton can have such a large effect on the rate or mode of
peroxide cleavage, nature would optimize the availability of
protons to stabilize key transition states in oxygenase cata-
lytic cycles, such as those between compounds P of sMMO
or P450 and their respective high-valent intermediate spe-
cies. Both enzymes utilize dioxygen by first reducing it to
peroxide and then inducing cleavage of the O—O bond, re-
sulting in the formal transfer of an oxygen atom to the iron
center and the eventual release of water with the addition
of two protons. In kinetic studies of sMMO with dioxygen,
the rates of both formation and decay of P exhibited a
sharp decrease with increasing pH. Indeed, in the presence
of buffer with pH>8.5, the compound P of sMMO would
not form at all, even though the decay of the oxygen bound
compound O is pH independent.’™ Tt was concluded, based
on these pH dependence data, that the processes forming
both P and Q are accompanied by the delivery of one
proton each, ultimately resulting in heterolytic O—O bond
cleavage and concomitant release of water.

Theoretical models of the conversion of P to Q in sMMO
do not include protonation events of the bound perox-
ide,”*33 and typically afford homolytic cleavage of the
peroxide O—O bond to generate the diferryl, di-p-oxo com-
pound that has been spectroscopically identified as Q.
Based on our studies, it may be possible that a diferryl, ter-
minal-oxo species forms first from the heterolytic cleavage
of a hydroperoxide O—O bond, and then, in the absence of
substrate, collapses to a diferryl, di-p-oxo species as a less
reactive decay product. The chromophore of the kinetically
competent Q as determined by stopped-flow UV/Vis spec-
troscopic studies exhibits a chromophore around 1=420-
430 nm,**” which is quite similar to the chromophore of 3
(A=438 nm), which is assigned as a ferryl terminal-oxo com-
pound.

The results of our study of 1 with MPPH are also consis-
tent with a kinetics investigation of the formation of com-
pound I in human erythrocyte catalase in the presence of
various organic peroxide and peracid alternative substrates.
If the pH of the buffer solution is raised sufficiently to de-
protonate the substrate, the rate of compound I formation
sharply decreased.! In the formation of compound I, het-
erolytic cleavage of the deprotonated peroxy or peracid
O—0 bond would result in the formation of an anionic spe-
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cies, which would benefit from the presence of a readily
available proton counterion. The possibility does exist, how-
ever, that the approach of a charged species into the cata-
lase active site is impeded, resulting in the observed de-
crease in rate of compound I formation. The reason for this
observed phenomenon has not been unambiguously deter-
mined. Based on the above model and enzymatic data, the
availability and timing of proton addition to the bound iron-
peroxide species during its cleavage plays an important
factor in lowering the energy of the heterolytic cleavage
pathway.

Conclusion

We have shown that the iron-based intermediate formed
from the heterolytic cleavage of the O—O bond of the probe
peroxide MPPH by 1 is identical to that formed from the re-
action with OAD, though the reaction proceeds at a much
slower rate with the peroxide. As a result of this, it is possi-
ble to observe saturation behavior of the formation of 2 at
high MPPH concentrations, and this behavior is attributed
to the k; reaction being a composite of a peroxide binding
preequilibrium step followed by heterolytic O—O bond
cleavage. This assignment of a composite reaction step is
corroborated by the non-Arrhenius behavior of the reaction
observed at low temperatures.

Addition of proton sponge to the reaction mixture de-
creases the rate of O—O bond cleavage, but only at higher
temperatures; there is no observable effect of proton sponge
on the k; rate at 188 K. This is assigned as a peroxide depro-
tonation effect, and is informed by similar effects observed
in enzymatic systems in which peroxide O—O bond cleavage
is slowed or stopped in sufficiently alkaline conditions.

Experimental Section

Materials and methods: Compound 1%”! and MPPH"*! were synthesized
according to previously published procedures. The peroxide content of
MPPH was determined to be >98% by iodometric titration.[*”) Metal ion
impurities were excluded from all glassware involved in peroxide synthe-
sis and handling by soaking in a solution of aqueous EDTA (50 mm) for
at least 12 h prior to use. Glassware with ground glass joints was strictly
avoided throughout the synthesis and handling of MPPH. 2-Methyl-1-
phenylprop-2-yl alcohol (98%) was obtained from Sigma-Aldrich.
Proton Sponge (1,8-bis-(dimethylamino)naphthalene) was obtained from
Aldrich and used without further purification. Prior to use, dimethylfor-
mamide (Pharmco, HPLC grade) was processed through a PureSolv sol-
vent purification system from Innovative Technologies. Unstabilized di-
chloromethane was obtained from Fisher and was distilled over calcium
hydride before use. All solvents used in air-sensitive work were thorough-
ly degassed by subjecting them to at least six successive freeze-pump-
thaw cycles, after which they were transferred to an inert atmosphere
glove box, in which all solution preparations were carried out.
WARNING! MPPH is an organic peroxide. The original synthetic proce-
dure calls for distillation of the extracted peroxide/ether solution, but this
resulted in an explosion in our lab. Gentle removal of solvent by blowing
a stream of N, is recommended as a substitute.
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2-Methyl-1-phenylprop-2-yl hydroperoxide (MPPH): 2-Methyl-1-phenyl-
prop-2-yl alcohol (15.8 g, 0.11 mol) was added to a flat-bottomed boiling
flask equipped with a cross-shaped stirrer bar. A mixture of 70 % hydro-
gen peroxide (25 mL, 0.66 mol) and sulfuric acid (1.5 mL) was added by
addition funnel to the rapidly stirring alcohol over the course of 10 min.
Once the addition was complete, the reaction vessel was immersed in an
oil bath maintained at 43°C and stirred rapidly for 12 h. Water (150 mL)
was then added to the mixture and the resulting solution was extracted
twice with pentane (75 mL). The pentane washings were washed with
water and dried by stirring with magnesium sulfate (3 g) for 20 min. The
mixture was then filtered and the solvent removed by blowing a stream
of dry N, over the surface until an oil remained. The oil was solidified by
addition of a seed of previously crystallized MPPH and placement in a
—40°C, which afforded crystalline solid within 20 min. Prior to use,
MPPH was recrystallized from pentane (30°C) until iodometric titration
confirmed >98% activity. Isolated yield: 5g, 30%. 'HNMR (CDCL):
0=1.209 (s, 6.0), 2.883 (s, 2.0), 7.222 (m, 3.0), 7.288 (m, 2.3), 7.379 ppm
(s, 1.0); *CNMR: 90=24.1, 44.7, 83.4, 126.6, 128.3, 130.8, 137.9 ppm.

Stopped-flow spectroscopy and data analysis: Stopped-flow spectroscopy
was performed at Tufts University by using a Hi-Tech Scientific SF-43
cryogenic double-mixing stopped-flow system operating in single-mixing
mode. Low temperatures were maintained through the use of a liquid-ni-
trogen-cooled heptane bath equipped with a cryostat. To maintain an
anaerobic environment, all solutions were prepared in an inert atmos-
phere box and transferred into the stopped-flow by using gastight syring-
es. Hi-Tech Scientific IS-2 Rapid Kinetics™* software package was used
to control the instrument and collect data. To ensure adequate time reso-
lution for all processes, all reactions were monitored at time lengths rang-
ing from 200 ms to 350 s, as appropriate. In each diode-array data set, 92
scans were acquired in a linear time base, and wavelengths were calibrat-
ed with a holmium oxide filter. For resolution of exceedingly fast pro-
cesses, it became necessary to operate the system in single-wavelength
mode, which yielded data with an improved signal-to-noise ratio. For
each single-wavelength data set, 512 samples were collected in a linear
time base.

In a typical experiment, separate solutions of 1 and a 100-fold excess of
MPPH (or 100-fold excess of MPPH and 110-fold excess of proton
sponge, where applicable) in 70:30 (v/v) mixture of dichloromethane and
dimethylformamide were prepared and transferred into syringes in an
inert atmosphere box. The solutions were then loaded into the stopped-
flow instrument by syringe for use in the experiment.

Fits of kinetic data to appropriate models were performed by using the
non-linear least-squares fitting methods contained in Specfit/32 version
3.0.36.14

Eyring analysis of the long-range (—85 to —40°C) MPPH stopped-flow
experiment (Figure S6 in the Supporting Information) was performed
with the weighted linear regression package available in SPSS™* by using
a relative weighting scheme of 1/k,, to reflect the uncertainty in the fits
of the data for more rapid processes (i.e., resolution of k; and k, at
higher temperatures became exceedingly difficult).
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