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Investigation of the Mechanism of Formation of a Thiolate-Ligated Fe(lll)-OOH
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Kinetic studies aimed at determining the most probable mechanism for the proton-dependent [Fe"(SMe2N,(tren))]
(1) promoted reduction of superoxide via a thiolate-ligated hydroperoxo intermediate [Fe'"'(SM®2N,(tren))(OOH)]* (2)
are described. Rate laws are derived for three proposed mechanisms, and it is shown that they should conceivably be
distinguishable by kinetics. For weak proton donors with pKa) > PKacHo,) rates are shown to correlate with proton
donor pK,, and display first-order dependence on iron, and half-order dependence on superoxide and proton donor
HA. Proton donors acidic enough to convert O, to HO, (in tetrahydrofuran, THF), that is, those with pKya) <
PKaHo,), are shown to display first-order dependence on both superoxide and iron, and rates which are independent of
proton donor concentration. Relative pK, values were determined in THF by measuring equilibrium ion pair acidity
constants using established methods. Rates of hydroperoxo 2 formation displays no apparent deuterium isotope
effect, and bases, such as methoxide, are shown to inhibit the formation of 2. Rate constants for p-substituted phenols
are shown to correlate linearly with the Hammett substituent constants o~ Activation parameters ((AH" = 2.8 kcal/mol,
AS* = —31 eu) are shown to be consistent with a low-barrier associative mechanism that does not involve exten-
sive bond cleavage. Together, these data are shown to be most consistent with a mechanism involving the
addition of HO, to 1 with concomitant oxidation of the metal ion, and reduction of superoxide (an “oxidative addition” of
sorts), in the rate-determining step. Activation parameters for MeOH- (AH*=13.2 kcal/mol and AS* = —24.3 eu), and
acetic acid- (AH" = 8.3 kcal/mol and AS® = —34 eu) promoted release of H,0, to afford solvent-bound
[Fe"(SMe2N,(tren))(OMe)]* (3) and [Fe"(SM®2N,(tren))(O(H)Me)]* (4), respectively, are shown to be more
consistent with a reaction involving rate-limiting protonation of an Fe(lll)—OOH, than with one involving rate-limiting
0—0 bond cleavage. The observed deuterium isotope effect (ku/kp = 3.1) is also consistent with this mechanism.

Chemistry

Introduction

Superoxide is a toxic radical, formed during the adventi-
tious reduction of dioxygen, that has been implicated in a
number of disease states, including Alzheimer’s, Parkinson’s,
and cancer." The mechanism by which superoxide (O,") is
degraded depends on the organism. Aerobic organisms
disproportionate superoxide (to O, and H,0,), using Cu,
Mn, Ni, or Fe-containing enzymes known as superoxide
dismutases (SODs).> * Anaerobic organisms reduce super-
oxide (to H>O,, thereby avoiding O, formation) using a trans
cysteinate-ligated non-heme iron enzyme, known as super-
oxide reductase (SOR).>® The catalytically active form of
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SOR contains a redox active, high-spin (S = 2) Fe'' jon
ligated by four equatorial histidines and one apical cysteinate
trans to an open-site.® ® The mechanism by which SOR
reduces O, is proposed to involve the oxidative addition of
O, to the ferrous ion, trans to the cysteinate, to afford two
transient intermediates (T}, T,),'” observable by electronic
absorption spectroscopy (Scheme 1).>!'"'* The first inter-
mediate T, forms at nearly diffusion controlled rates (kops =
1.2x10°M~'s71),!%% and is proposed to be an Fe'"'—peroxo
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Scheme 1. Proposed Mechanism for SOR-Catalyzed Reduction of
Superoxide via Hydroperoxo (T;) and Solvent-Bound Intermediates
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species, although vibrational data to support this has yet to
be reported. Density functional theory (DFT) calculations are
consistent with the assignment of T as either a low-spin gS =
1/2),"> or high-spin (S = 5/2)'® end-on hydroperoxo Fe'""—
OOH. Rates for the first step in the SOR reaction mechanism
(rxn (1), Scheme 1) are pH independent."'®!" The second
intermediate T», has an isotope-sensitive solvent-derived
Vre—o stretch, and forms more slowly (kops = 3.8 10, s~ 1),
at pH-dependent rates,'®”'* with a noticeable deuterium
isotope effect!” (ky/kp=2.1)."""® This would be consistent
with solvent H,O-induced protonation at the proximal per-
oxide oxygen in this second step (rxn (2); Scheme 1) to release
H,0, and afford an Fe'"—OH species.'*'® The glutamate-
bound resting state (R; Scheme 1) eventually forms (kps=
25 s~ 1) in the absence of additional substrate (O, ) or elec-
trons. Well-documented cases of superoxide-promoted
oxidation of small molecule Fe(Il) complexes are rare, and
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include that of Fe(II(EDTA)," and Fe(II)(TPP),”® both of
which have been shown to occur via an inner-sphere mecha-
nism. Superoxide-promoted reduction of [Fe(III)(EDTA)-
(H,O)]™ has also been shown to occur via an inner-sphere
mechanism.?' Biomimetic thiolate-ligated analogues synthe-
sized in our lab (vide infra) provide sug?ort for the proposed
Fe(I11)-OOH SOR intermediate T;. X-ray structures are
available for the catalytically active Fe(IT) SOR enzyme,® the
Glu-bound resting state (R),” and a H,O,-generated SOR
mutant (Ala14Glu) end-on Fe(IIT)-OOH species.®

Our group has shown that despite hdvm%da cis-, as opposed
to trans-thiolate, five-coordinate [Fe'(SV**Ny(tren))]™ (1;
Scheme 2) will reduce superoxide to afford H,O, in a semi-
catalytic manner.>~?” This reaction is proton-dependent
and requires the addition of an external proton donor
HA if it is carried out in rigorously dried THF.?® An
intermediate, [Fe'(SM**N(tren))(OOH)]™ (2; Scheme 2),
with properties consistent with an Fe(III)-OOH.* is detected
when this reaction is run at low-temperatures (—78 °C). The
Fe'" “catalyst” 1 is regenerated via the addition of Cp,Co to
the Fe'' solvent-bound intermediate [Fe'™(SM®*Ny(tren))
(O(H)Me)]" (3) generated via proton-induced release of
H>0, from 2 (rxn (2) of Scheme 2). To avoid H, formation,
or spontaneous disproportionation of superoxide, the pro-
ton donor, substrate, and reductant must be added separately
to our biomimetic catalyst (at low temperatures), in a manner
similar to that used by Schrock to reduce N,.* In the
absence of 1 at low-temperatures, superoxide is not reduced
(via disproportionation) in dry THF using the weakly acidic
proton donors used in this study. To understand the proton-
dependence of peroxo 2 formation, and determine the mech-
anism of superoxide reduction by our synthetic SOR ana-
logue 1, we herein examine the kinetics of reaction steps (1)
and (2) outlined in Scheme 2.

Experimental Section

General Methods. All reactions were performed under an
atmosphere of nitrogen in a Vacuum Atmospheres glovebox, or
in a custom-made anaerobic two-necked solution cell equipped
with a threaded glass connector sized to fit an ATR (attenuated
total reflectance) dip probe. Unless otherwise stated, chemical
reagents purchased from commercial vendors were of the high-
est purity available and used without further purification.
Tetrahydrofuran (THF), Et,O, and CH3CN were rigorously
degassed and purified using solvent purification columns
housed in a custom stainless steel cabinet, dispensed via a
stainless steel Schlenk-line (GlassContour). MeOH and MeOD
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were distilled from magnesium methoxide. All solvents were
rigorously degassed prior to use. Ferrous [Fe'(SM®>N(tren))]
(PF¢) (1) was synthesized according to literature procedures.

Kinetic Measurements. Kinetic measurements were per-
formed on a Varian Cary 50 spectrophotometer equipped with
a “C-technologies” fiber optic cable and remote-read dip probe
which was inserted into a custom-made anerobic solution cell.
Reactions were run under pseudo first order conditions, with
at least a 10-fold excess of 1 and proton donor, relative to
superoxide. The purity of 1 was checked prior to each run by
forming the Fe(I11)-OOH intermediate in MeOH at —78 °C, and
comparing its extinction coefficient to previously published
values.?

Probing the Proton Donor-, and Iron-Dependence of [Fe
(SM2N,(tren))(OOH)](PF) (2) Formation. Superoxide-induced
formation of hydroperoxo [Fe™(SM**N(tren))(OOH)]™ (2) is
most reproducibly monitored in THF, a solvent which can be
rigorously dried to avoid spurious sources of protons (i.e., H,0),
and which does not freeze at temperatures above —70 °C.
Hydroperoxo 2 is less stable at temperatures above —70 °C, and
once protonated, superoxide spontaneously disproportionates at
ambient temperatures (to afford O, + H,0,) via a bimolecular
reaction dependent on HO, and O, concentrations.’! In the
absence of protons, superoxide does not disproportionate since
the peroxide dianion O,>~ is extremely unstable. In aprotic
solvents even with mildly acidic proton donors such as H,O
(or MeOH) at ambient temperatures superoxide disg)roportion
is 8 orders of magnitude slower than in water ékdispz ““ (DMF,
HA=H,0)=1x10"M""s™" versus kqisp>> < (H,0, pH="7) =
4.5 x 10° M~ 's71), and protonation of O, is rate-limiting.>' At
temperatures below —70 °C with submilimolar superoxide con-
centrations the former (aprotic solvent) reaction is significantly
slower as was determined by monitoring the superoxide absor-
bance band at 250(2690) nm.?® For all of the reasons outlined
above, kinetic studies described herein were monitored at low
temperatures (—78 °C) in THF with superoxide as the limiting
reagent in low concentration (0.1—0.4 mM). The limited solu-
bility of O, in THF (2.0 mM), even when solubilized as the
18-crown-6-K ™ salt, also governed its choice as the limiting
reagent. Proton donors were only introduced at low tempera-
tures (—78 °C), and in the presence of excess amounts of our
Fe?* complex 1, that is, conditions under which superoxide
disproportionation would not compete with its reaction with 1.
The selection of proton donors was based not only on their pK,
but also on their solubility in THF and requisite freezing point
below —78 °C.

In a typical experiment, 20 mL of a 6.7 mM stock solution of 1
in THF was injected, via a gastight syringe, into a custom-made
anaerobic cell, which had been purged with Ar for a minimum of
30 min to avoid u-oxo dimer {[Fe'll(SM62N4(tren)]2(,u-0)}2Jr
formation. Once formed, the metastable nature of hydroperoxo
2 was verified by warming the solution resulting in the rapid
decay of the 4,,,,x =464 nm absorbance band. Once temperature
equilibrated to —78 °C, a 250 uL aliquot of a rapidly stirring,
extremely fine (opaque) 28 mM suspension of (18-crown-
6-K)O, ™ in rigorously dried THF was then injected into a cold
(=78 °C) THF solution of 1, resulting in a final superoxide
concentration of 0.35 mM. A more concentrated (18-crown-
6-K )0, slurry, as opposed to more dilute (18-crown-6-K )05~
solution, was used to minimize mixing times, the time required
for temperature re-equilibrataion, and to avoid altering bulk
solvent properties. The high reproducibility of results demon-
strated that as long as aliquots were drawn in exactly the same
manner, reproducible amounts of (18-crown-6-K™)O,~ could
be transferred. The accuracy of this method was verified by
transferring aliquots drawn as described above, to 20 mL of

1
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MeCN, and measuring the superoxide absorbance band at
250(2690) nm>® to determine its concentration. Experiments
involving large volumes of more dilute (<2 mM) homogeneous
(18-crown-6-K )0, stock solutions were significantly less
reproducible.

Following the low temperature (—78 °C) equilibration
of clear colorless THF solutions containing 1 + 0.35 mM
(18-crown-6-K )0, ™, the absorbance was then scanned from
800 to 200 nm to get a baseline reading prior to the addition of
the proton donor. Upon injection of the proton the solution
gradually (over the course of several minutes to hours, depend-
ing on the proton source and concentration) turned orange with
a Amax = 464 nm consistent with the formation of [Fe™(SM**N,
(tren))(OOH)]™ (2). Both the proton donor concentration and
acidity were varied, while maintaining constant iron and super-
oxide concentrations, to establish the order with respect to
proton donor and reaction dependence on pK,. In a separate
set of experiments, the superoxide concentration and proton
donor source (MeOH) concentration were kept constant, and
the iron concentration was varied to establish the order with
respect to iron. Proton donors examined include MeOH,
MeOD, NH,", PhOH, and p-X-PhOH (X = Br, I, NO,,
NH,, CF3). Final concentrations of the proton donors varied
depending on the acidity of the proton source. The MeOH
concentration was allowed to vary from 61 mM to 1060 mM,
that of MeOD from 27 mM to 535 mM, that of NH, " from 1.1
mM to 12.3 mM, that of PhOH from 3.5 mM to 35 mM, that of
p-Br-PhOH from 3.1 mM to 8.0 mM, that of p-I-PhOH from 0.8
to 8.1 mM, that of p-NO , -PhOH from 1.1 to 22.4 mM, and that
of p-CF5 -PhOH from 3.5 to 56.8 mM.

The rate of [Fe(SM**N(tren))(OOH)]" (2) formation was
monitored by probing changes in absorbance (at A,,,x = 464 nm)
versus time over the course of several hours. Scans were collected
automatically every 1—5 min at a scan rate of 600—4800 nm/min
(depending on the acid and its concentration) over the wave-
length range of 200—800 nm. Reactions were allowed to proceed
for at least three half-lives. Unless otherwise indicated, tem-
peratures were maintained at —78 °C throughout the course of
an experiment.

Kinetics Measurements Probing Methanol- and Acetic Acid-
Induced Release of H,0, from [Fe" (SM**N(tren))(OOH)] " (2)
to Afford [Fe™(SM**N,(tren))(OMe)]" (3) and [Fe™(SM2N,
(tren))(O(H)Me)|" (4), Respectively. Kinetic runs involving
acetic acid-induced H,O, release from hydroperoxo 2 were
performed under pseudo first order conditions, with at least a
10-fold excess of acetic acid relative to [Fe™(SM*N,(tren))
(OOH)]* (2). In a typical experiment, 1 equiv of (18-crown-
6-K )0, ™ in THF was injected into a precooled (—78 °C) MeOH
solution of [Fe"(SM**N,(tren))](BPh4) (1-BPh,) under argon
resulting in the immediate formation of [Fe™(SM®Ny(tren))
(OOH)]* (2). To this solution, varying amounts of HOAc (or
DOACc) were then added. The solvent volumes of added reagents
were varied such that the final concentration of iron was 0.3 mM
in all cases. The HOAc concentration (in MeOH) was varied
between 2.9 mM and 240 mM, and that of DOAc (in MeOD)
between 2.9 mM and 850 mM. The disappearance of 2 was
monitored at —78 °C over several hours at A, = 464 nm and at
a scan rate of 4800 nm/minute. The absorbance was measured
until the reaction reached completion so that it could be
corrected for absorbing species other than the one of interest.
The reaction was considered complete when no further changes
in absorbance occurred. Methanol-induced H>O, release was
monitored in the same manner (over a longer time period) in neat
MeOH with no other added acid. Rate constants (kgs) were
obtained from the slope of linear fits to In(4**), — In(4**)..
versus time plots, where (4**), is the experimentally measured
optical absorbance at 464 nm at time ¢, and (4**). is the
experimentally measured optical absorbance at 464 nm after
the reaction had reached completion. Non-linear fits to the data
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over all wavelengths were best fit to a pseudo first order process,
modeled using eq 1.

At = Ao+ CXp( - kreleaset) (])

where oo = constant. Temperature-dependent studies were per-
formed using the following low-temperature baths: acetone/dry
ice (—78 °C); acetonitrile/dry ice (—60 °C to —35 °C); methanol/
ice (—20 °C); or salt/ice (—18 °C to —12 °C)).

Results and Discussion

Possible Mechanisms for Proton-Dependent Fe''—OOH
Formation. In rigorously dried THF solutions, [Fe'(SM**N,-
(tren))]" (1) (Amax= 262(4700)) does not react with KO,
(solubilized by 18-crown-6) until an external proton
donor is added.?® This rules out a mechanism involving
H™ or H-atom abstraction from the ligand (e.g., an amine
N—H).?®3 Addition of even mildly acidic proton donors
(e.g., EtOH) to 1 + KO, results in the formation of a
tan%erine orange metastable hydroperoxo intermediate
[Fe™(SM®2N,(tren))(OOH)]" (2)*° at low temperatures
(—78 °C). Initial studies involved MeOH as proton donor
since previous work had shown that MeOH was basic
enough to allow the intermediate to fully form, at reason-
able rates, without subsequent release of H,O,. If the
added proton donor is too acidic, then intermediate 2,
which has an associated low-spin electron paramagnetic
resonance (EPR) signal (g, = 2.14, gy = 1.97), vo—o-
(V]go_lgo) = 784(753) cmfl, Amax = 464(2540) nm (11’1
THF), and short EXAFS-determined Fe—O bond (1.86
A).> is not observed. With MeOH as the proton donor,
warming causes the solution color to change to burgundy
(Amax = 511(1765) nm), and the low-spin EPR signal to
convert to an intermediate-spin S = 3/2 signal (g = 4.10,
3.532, both characteristic features of methoxide-bound
[Fe''(SMe2N,(tren))(OMe)] " (3).

The proton-dependence of hydroperoxo intermediate 2
formation®® is consistent with three possible mechanisms
that conceivably should be distinguishable based on
kinetics. One possible mechanism (Scheme 3) would
involve initial protonation of the superoxide anion prior
to its coordination to the metal to afford HO,, a more
potent oxidant than O, . A similar mechanism involving
protonated superoxide (HO,) has been implicated in
SOD-promoted superoxide disproportionation.®>* Aqu-
eous redox potentials for the superoxide/peroxide couple
are highly pH-dependent and shift in a more oxidizing
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direction as H:Lis increased (£, /z(pHZO) = +1.27 versus
SCE; El/z(p %= —0.04 versus SCE).”® In aprotic sol-
vents, in the absence of a proton donor, this potential
shifts to a significantly more negative value (e.g., —1.75V
versus NHE in DMF).?® Although O, is not very basicin
H>O (pKymo,) = 4.7), it is reasonably basic in aprotic
solvents (pKumo,) = 12 in DMF).*!

A second mechanism (Scheme 4) would involve the
initial protonation of the thiolate sulfur of complex 1, to
afford a dicationic thiol intermediate [Fe''(HSM*’N,
(tren))]*" (5). Although the weak basicity of a metal
coordinated thiolate makes protonation at this site less
likely, the generation of even minor concentrations of
such a species would be advantageous given that a dica-
tion would be generated that would likely have a higher
affinity for O, relative to monocationic 1. Given that
superoxide is a relatively weak-field ligand (freq-
uently referred to as a “pseudo halide”)?® this could be
important in promoting reactivity. The other advantage
of this mechanism is that the proton would be readily
available for intramolecular transfer, with minimal reor-
ganization, to the bound superoxide. A related mechan-
ism, involving intramolecular proton transfer from a
coordinated ligand (OH ™), is involved in dioxygen bind-
ing to hemerythrin.** Although one would not expect an
Fe(I1)—SR to have a high affinity for protons, a stable
protonated iron-bound cysteine Fe(IT)—S(H)R species
(known as P420) has been shown to form preferentially
in reduced Fe'"—P450.% Spectroscopic evidence also su%-
gests that a protonated Ni—S(H)Cys forms in Ni—SOD,>®
and theoretical calculations by Siegbahn suggest that this
Ni—S(H)Cys species transfers a proton to superoxide
during the Ni—SOD catalytic cycle.”’

A third mechanism (Scheme 5) would involve the
binding of O, to the metal ion to form an Fe'-superoxo
intermediate, [Fe"(SM*?Ny(tren))(0,)] (6), which could
then convert to a peroxo upon the addition of a proton.
Protonation at the superoxo distal oxygen would be
expected to shift electron density toward the dioxygen
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ligand, resulting in the oxidation of the metal ion in a
proton-induced electron “transfer” reaction. Theoretical
calculations suggest that a superoxo intermediate, analo-
gous to 6, is involved in the SOR mechanism.'® However,
we detect no intermediates, other than hydroperoxo 2, in
our biomimetic reaction. Proposed intermediates 5 and 6
might be difficult to detect, especially if they form only in
small concentrations, since they would be EPR silent
(Fe*™) and colorless. Given its low dielectric constant,
THF would favor the formation of neutral, as opposed to
charged species, thus favoring the third (Scheme 5) mech-
anism over the first (Scheme 3) and second (Scheme 4),
since it converts cationic 1 and anionic O, to neutral
[Fe''(SMe*N,(tren))(0,)] (6) (Scheme 5).

Derivation of the Rate Expressions. The three mecha-
nisms outlined in Schemes 3—5 should be distinguishable
by kinetics as shown by their distinct rate expressions, and
corresponding reaction order with respect to iron and
proton donor (Table 1). If the rate-limiting step involves
oxidative addition of HO, to the metal ion (Scheme 3),
and superoxide is protonated in a rapid pre-equilibrium
step, then reaction rates would be dependent on both iron
[Fe''(SMe*N,(tren))]" (1; abbreviated in the equations
below as “Fe'") and HO, concentrations as shown in
eq 2 below.

Scheme 5

Rate = k,[Fe''|[HO,] (2)

For acids appreciably more acidic than HO, (i.e., those
for which pK,sa) < PKawno,), Where pKyo,) is log of
the equilibrium constant defined in eq 4, and pK,a) is
log of the equilibrium constant defined in eq 5), the pre-
equilibrium step shown in Scheme 3 would lie all the way
to the right, and all of the superoxide anion added would
be converted to HO» (i.e., [HO»,] = [0, ]). In these cases,
the second order rate constant k, could be obtained
directly from a plot of kops= k»[Fe"'] versus [Fe"] under
pseudo first order conditions ([Fe], = 10[HO»]y), and
rates (k,) would be independent of proton donor concen-
tration (vide infra). For weaker acids, such as MeOH, on
the other hand, the concentration of HO, would be
determined by the pre-equilibrium constant, K.q (eq 3),
which would depend on the relative acidities of HO, (eq 4)
versus HA (eq 5).

_ _ [HOoJ[AT]  Kama)
kifk—1 = Keq = [0, ]HA] — Kymo,) )

Nam et al.
Kano,) = % (4)
Kama) = % (5)

In THF, K. would also depend on the relative stability of
ion pairs, (18-crown-6-K™)O, versus (18-crown-
6-K A, 3839 If the reaction is carried out in the absence

of added anion, then at equilibrium, [HO,] = [A"], and
eq 3 becomes
[HO,J?
Keqg = i (6)
© [0y ][HA]

Using eq 6, [HO,] can be expressed in terms of known
concentrations, and the pre-equilibrium constant Keq

[HOZ] = Keq[oz_][HA] (7)

Substituting this into eq 2, the rate expression for the
mechanism outlined in Scheme 3 (Table 1) becomes
d[Fe""OOH]

dz

= ko(Keq) [Fe"|[HA] 20 ]2 (8)

Rate =

where the rate constant k, is defined in Scheme 3. On the
basis of this rate expression, we expect half-order depen-
dence on the proton donor and superoxide, and first-
order dependence on iron, for a mechanism involving the
initial protonation of superoxide (Scheme 3). Under
limiting superoxide conditions, the rate expression be-
comes

Rate = kops[O5 11/ 9)
where kg 1s defined as
kobs = ka(Keq)'/*[Fe'"][HA]'"/? (10)

If, on the other hand, the mechanism involves initial
protonation of the thiolate sulfur (Scheme 4), then the
rate law can be derived in a similar manner to afford the
rate expression shown in eq 11 (Table 1), where the rate
constant ky is defined in Scheme 4, K, 4, is defined

ka(Kama)) e

Rate = 7

Fel'1'2[HA]?[0; 11
Korest) [Fe"] "“[HA]7[O, ] (11)

in eq 5, and Kyresn) is the acid dissociation constant
for the protonated thiol intermediate 5. On the basis of
this rate expression, we expect half-order dependence on
iron and the proton donor, and first-order dependence
on superoxide. For the third mechanism involving an
Fe''—superoxo intermediate (Scheme 5), if we assume
that a steady state concentration of this intermediate
forms, then the rate law of eq 12 would hold, where the

(38) Kaufman, M. J.; Gronert, S.; Streitwieser, A. J. Am. Chem. Soc.
1988, 110, 2829-2835.

(39) Fulton, J. R.; Sklenak, S.; Bouwkamp, M. W.; Bergman, R. G.
J. Am. Chem. Soc. 2002, 124, 4722-4737.
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Table 1. Rate Expressions for Three Proposed Mechanisms of Proton-Dependent Fe(III)-OOH (2) Formation via Superoxide Addition to Thiolate-Ligated Fe(II) (1)

Mechanism

Rate expression

initial protonation of O, (Scheme 3)

initial protonation of Fe(II)-SR sulfur (Scheme 4)

Fe(II)-superoxo intermediate (Scheme 5)

~ (L
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Figure 1. (a) Absorbance versus wavelength plot for hydroperoxo [Fe™(SM*2N,(tren))(OOH)] " (2) formation via Fe''-promoted superoxide reduction in
THF at —78 °C. [Fe'"|=6 mM, [0, ]=0.35mM, [MeOH]= 124 mM. Successive plots taken at regular intervals (one every 5 min) over the course of 3 h. (b)
Non-linear half-order fit to absorbance versus time plot associated with hydroperoxo [Fe'™(SM®2N,(tren))(OOH)|* (2) formation in THF at —78 °C. [Fe'']=

6.7 mM, [0, ]=0.35 mM, [MeOH] = 618 mM.
rates constants are defined in Scheme 5.

ksks[Fe''][O5 ][HA]
k_s5+ kg [HA]

Rate = (12)

On the basis of this rate expression (Table 1), we expect
first order dependence on [Fe''] and [0, 7], but a mixed-
order dependence on [HA]. At high concentrations of
[HA] saturation kinetics would be expected. If k_5 >
ke[HA], then first order dependence on [HA] would be
expected. If k([HA] > k_s, then rates would be indepen-
dent of [HA].

Kinetics of Fe(Il)-OOH Formation. To determine
the most probable mechanism for hydroperoxo [Fe''-
(SM*N(tren))(OOH)] " (2) formation, kinetic studies were
performed. The proposed mechanisms of Schemes 3—5
should be distinguishable based on the predicted reaction
order with respect to [Fe' (SM**Ny(tren))](PFs) (1), super-
oxide, and proton donor (HA). The intense absorption
band associated with hydroperoxo 2 (4. = 464(2540)
nm in THF) provides a convenient means to monitor
reaction rates using electronic absorption spectroscopy.
Product growth, as opposed to reactant disappearance,
was monitored because the reactants are all colorless and
spectroscopically “silent” in the visible region. Kinetics
experiments were carried out following the procedure
outlined in the Experimental Section. Representative
absorbance versus wavelength, and absorbance versus
time plots for the reaction between 1 and O, are shown

in Figures la and 1b, respectively Kinetic traces for all
but the more acidic acids (NH4 " and p-NO, -PhOH) were
evaluated at 464 nm by plotting ([1 — ((4*%), ) —

((A*%)/(A**).0) — (4**)0]"?) versus time (see deriva-
tion Supporting Information), where (A‘“’“)t is the absor-
bance at 464 nm at time 7, and (4*%*), is the initial, and
(4*%)., is the final absorbance at 464 nm. From each of
these plots, a ks value was obtained according to eq 13

below, *° where

Ko = slope-2-[0; 1 "
“slope” is the slope of the ([I — (4%, )
(A" /(4*)..) — ((A464)0]1/ %) versus time plot. Non-

linear fits to the data, using a program written for
MATIab, verified the results obtained from the above
linecar plots. Data was fitted (over all wavelengths,
300—800) to eq 14 , *° by finding the kops, Ao, and A..
values that minimized the residual of eq 15, while at the
same time restricting k,ps to be constant over all wave-
lengths.

A = A+ ((4o — 4-) /05 ]o)

% (1027 1y* = (kobst)/2)* (14)

(40) Espenson, J. H. Chemical Kinetics and Reaction Mechanisms;
McGraw-Hill: New York, 1981.
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Figure 2. kp, versus [Fe'] plot for MeOH-promoted hydroperoxo
[Fe™(SMe2N,(tren))(OOH)]" (2) formation in THF at —78 °C. [0, ] =
0.19 mM, [MeOH] = 300 mM.
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For the more acidic proton donors, NH," and p-NO,-
PhOH (vide infra), kinetic traces were evaluated at 464
nm by plotting In(4*%*), — In( 4***), versus time and
obtaining ks from the slope. Second order rate con-
stants for these acids were obtained from the slope of ks
versus [Fe''] plots. All reactions were run under pseudo
half order, or first order, conditions, depending on the
acid, with the concentration of both 1 and HA in at least
10-fold excess of O, . Over the concentration ranges
examined (see Experimental Section) all reactions were
well-behaved over at least three half-lives.

Both the proton donor concentration and acidity were
varied, while maintaining constant iron and superoxide
concentrations, in one set of experiments. This estab-
lished the proton-dependent nature of the reaction, and
the order with respect to proton donor. In a separate set of
experiments, the superoxide and proton donor (MeOH)
concentrations were kept constant, and the iron concen-
tration was varied to establish the order with respect to
iron. Rates were found to increase with increasing Fe''
concentration (Figure 2), and display first-order depen-
dence on [Fe'"], as shown by the log(kyps) versus log[Fe']
plot of Supporting Information, Figure S-1. First-order
dependence on [Fe''] would be consistent with the first
and third mechanisms (Scheme 3 (eq 8) and Scheme 5
(eq 12), respectively) but inconsistent with the second
mechanism (Scheme 4, eq 11).

One could differentiate between the first (Scheme 3)
and third (Scheme 5) mechanisms by determining the
order with respect to proton donor, since half-order
dependence would be expected for the former (eq 8), while
more complex behavior involving saturation at high HA
concentrations (eq 12) would expected with the latter.
Initial results with MeOH did not provide evidence for
saturation at high HA concentrations (up to 1720 mM).
Thus the data was treated using the pseudo half-order
expression shown ineq 9, and k., values were determined
according to eq 13. As shown by the ko, versus [HA]"?

1.80E-05 p-C FJ-PhOH

1.60E-05 = p-1-PhOH

1 40E-05 p-Br-PhOH

/
~ 1.20E-05 /
;f PhOH
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Figure 3. kop, versus [HA]'? plot for hydroperoxo [Fe
(tren))(OOH)]" (2) formation in THF at —78 °C, showing rate depen-

dence on proton donor concentration and pK,.

Table 2. Slope of ko versus [HA]"? Plots” for Fe(III)-OOH Formation at —78 °C

HA Slope (sec™")
p-CF;-PhOH 6.4(1)x 107°
p-I-PhOH 5.1(1)x 1073
p-Br-PhOH 4.6(1)x107°
PhOH 23(1) x 1077
p-NH,-PhOH 2.1(1)x 1077
MeOH 6.2(1)x 107
MeOD 5.8(1)x 107°

1 gMe2,_

“Plots are located in the Supporting Information, Figures S-2 to S-8.

plot for mildly acidic proton donors in Figure 3 (and
Supporting Information, Figures S-2 to S-8), the rate at
which peroxo intermediate 2 forms displays a clear de-
pendence on the concentration and pK, of the proton
donor (Table 2 and Table 3). For these weaker proton
donors (Table 2), log(ksys) versus log[HA] plots are
roughly linear with slopes consistently closer to 1/2 than
to 1.0 (Figures 4, and Supporting Information, Figures
S-9 to S-14), indicative of half-order dependence on
proton donor (HA). Half-order dependence on HA
would be most consistent with mechanisms involving
protonation of superoxide (Scheme 3, eq 8), or the
coordinated thiolate (Scheme 4, eq 11) in a rapid-pre-equi-
librium step. The latter is ruled out by the observed first
order-dependence on iron. As shown in Figure 3, there does
not appear to be a deuterium isotope effect, ruling out the
mechanisms (Scheme 4 and 5) involving X—H bond cleavage
(X =S, A) in the rate-determining step. Bases such as
methoxide inhibit the reaction as shown in Figure 5. Thus
it appears, based on kinetics, that the mechanism by which our
biomimetic analogue reduces superoxide involves oxidative
addition of HO> to Fe' in the rate-determining step. This con-
clusion is corroborated bg/ the fact that initial rates roughly
double, from 2.62x 107> s ! to 6.82x 107> s !, when the
superoxide concentration is quadrupled (from 0.066 mM to
0.26 mM) and Fe" (1) and HA = MeOH concentrations are
held constant.

As shown in Figure 6, rate constants for p-substituted
phenols (Table 2) roughly correlate linearly with the
Hammett substituent constants o~ (which take into account
resonance stabilization).*! The slope of this Hammett
plot (log(k,/ky) versus ¢ ) yields a reaction constant

(41) Jaffe, H. H. Chem. Rev. 1953, 53, 191-261.



Article

Table 3. Solvent-Dependent pK, Data for HO, versus Selected Acids Involved in
This Study

pK, in pK, in pK, in pK, in

HA H,O DMSO MeOH® THF?
MeOH 15.5 29? 30
PhOH 9.95 18° 14.33 21
HO, 4.7 12¢ NR 19
p-NO,-PhOH 7.18 10.8° 11.30 18
NH, " 9.24 10.5 10.78 16

“Measured in DMF. Chin, D.-H.; Chiericato, G., Jr.; Nanni, E. J.,
Jr.; Sawyer, D. T. J. Am. Chem. Soc. 1982, 104, 1296—1299. > Bordwell,
F.G. Acc. Chem. Res. 1988, 21,456—463. “ Rived, F.; RosEs, M.; Bosch,
E. Anal. Chim. Acta 1998, 374, 309—324. This work.
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Figure 4. Determination of the reaction order (half) with respect to

HA = p-CF3-PhOH, using a lo%gkobs) versus log([HA]) plot, for the proton-

assisted formation of [Fe"(SM**N,(tren))(OOH)]" (2) in the reaction

between [Fe'(SM**Ny(tren))] ™ (1) + (18-crown-6-K *)(0,7) in THF at
—78°C.[0,7] = 0.35mM, [Fe!'] = 6.5 mM.
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Figure 5. ks versus [MeO™] plot for the MeOH-induced formation of
[Fe™(SM®2N,(tren))(OOH)]" (2) in THF at —78 °C. The curve represents
a reciprocal fit (x~°) to the data consistent with methoxide inhibition.

p = +0.64 £+ 0.1, indicating that electron withdrawing
substituents promote the reaction, as one would expect
for a proton transfer reaction, and that is within error of
the theoretically predicted value (p=+0.50) for a reaction
involving half-order dependence on HA.** There is no
dramatic change in slope, indicating that, as the electronic
nature of the proton donor is changed, the mechanism

(42) Lowry, T. H.; Richardson, K. S. Mechanism and Theory in Organic
Chemistry, 2nd ed.; Harper and Row: New York, 1981.
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Figure 6. Hammett plot for p-X-PhOH—induced formation of
[Fe™(SMe2N,(tren))(OOH)] " (2) via the oxidative addition of superoxide
to [Fe''(SMe2Ny(tren))]™ (1). Values shown are the mean of three inde-
pendent experimental runs.

does not change.*> In THF, protons are most likely
transferred directly between the proton donor HA, and
proton acceptor, without the involvement of solvent.

With more acidic acids, such as NH;" and p-NO»-
PhOH, rates are independent of pK, and HA concentra-
tion (Supporting Information, Figures S-15, S-17 to S-18)
implying that the pre-equilibrium of Scheme 3 lies sig-
nificantly to the right, (i.e., [HO,] =[O, ]). In these cases,
the reaction is then pseudo first order with respect to HO,
(eq 1), and k> can be obtained directly from the slope of a
kops versus [Fe'"] plot (Figure 7 and Supporting Informa-
tion, Figure S-15), and the reaction order with respect to
iron can be obtained from the slope of a log(k,ps) versus
log([Fe"]) plot (Supporting Information, Figure S-16).
The first order-dependence so determined is again consis-
tent with a mechanism involving initial protonation of O,
in a rapid pre-equilibrium step.

The pK, dependence of peroxo intermediate [Fe
(SM?Ny(tren))(OOH)]" (2) formation differs notably
from the pH-independent rate at which the SOR Fe'''—
OOH intermediate forms. Most likely this is a consequence
of carrying out these reactions in different media, less polar,
aprotic THF versus water. In H,O, one would expect
proton transfer to be more facile (especially if the metal
ion active site resides on the surface of the protein). The
fact that the pK, of the proton donor influences rates
with the more basic proton donors (HA = MeOH,
PhOH, p-CF;-PhOH, p-I-PhOH, p-Br-PhOH, and p-
NH,-PhOH) implies that the initial protonation site of
our biomimetic reaction (Scheme 2) is more acidic than
these proton donors. And, the proton-donor indepen-
dent rates observed with more acidic proton-donors HA
= p-NO,-PhOH and NH," implies that the initial
protonation site is more basic than these proton donors.
Although pK, data has been extensively tabulated in
H->O as a solvent (in water (pK,(HO,) = 4.5), data is
more limited for organic solvents gTable 3) DMF,?!
DMSO,* MeCN,*™* and MeOH.*” In THF, the most
comprehensive set of pK,’s has been assembled by

g

(43) Bordwell, F. G. Acc. Chem. Res. 1988, 21, 456-463.

(44) Coetzee, J. F.; Padmanabhan, G. R. J. Am. Chem. Soc. 1965, 87,
5005-5010.

(45) Edidin, R. T.; Sullivan, J. M.; Norton, J. R. J. Am. Chem. Soc. 1987,

109, 3945-3953.
(46) Kolthoff, I. M.; Chantooni, M. K.; Bhowmik, S. J. Am. Chem. Soc.

1968, 90, 23-28.
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Figure 7. kops versus [Fe'] plot for a proton donor (HA = p-NO,-
PhOH) strong enough to completely convert O, to HO, . Under these
conditions, i.e., when [HO,] = [O, ], the rate constant k, can be obtained
directly from the slope.

Streitwieser and co-workers; this list does not, however,
include the acids involved in the study herein.*®

Using Streitwieser’s method,*®*’ we determined the
pK,’s of acids used in this study by measuring equilibrium
ion pair acidity constants for the reaction between Li"
salts of highly colored carbanion indicator dyes (Ind"),*
and proton donors HA, in THF as described in the
Supporting Information. The Li™ salts have been shown
to form solvent separated ion pairs in the concentration
range utilized in this investigation.*® The ion pair acidity
constants were then converted to an absolute scale as
described by Streitwieser to afford the pK,’s listed in
Table 3.° The relative ordering of HA pK, values relative
to HO, determined using this method (Table 3) would be
consistent with a mechanism for [Fe"'(SM“N (tren))-
(OOH)" (2) formation (Scheme 3) that involves the initial
protonation of O5" to afford HO,. This would explain the
proton donor-dependent rates observed with MeOH and
PhOH (i.e., those with pKj,a) > PKao,)), and proton-
donor independent rates observed with p-NO,-PhOH
and NH4™ (i.e., those with pK,i1a) < pKamo,))-

Activation parameters for MeOH-promoted [Fe''-
(SM*>Ny(tren))(OOH)]" (2) formation were obtained by
measuring T-dependent rates at constant O, , MeOH,
and Fe'' (1) concentrations. The observed rate constant
for this reaction, kg, 1s defined by eq 10, and from this
the second order rate constant k, associated with the rate-
liming step (Scheme 3) can be determined using the
experimentally determined K, values for HO, and MeOH
in THF (vide supra, Table 3), and known (constant) O,
and MeOH concentrations. Although activation param-
eters for multistep reactions represent composite values
that include contributions from all equilibrium constants
and rate constants involved, and thus can not be inter-
preted in a straightforward manner, the enthalpy of
activation, (AH* = 2.8 kcal/mol) obtained from the slope
of the resulting Eyring plot (Figure 8) would be consistent

(47) Rived, F.; RosEs, M.; Bosch, E. Anal. Chim. Acta 1998, 374,309-324.

(48) Streitwieser, A.; Wang, D. Z.; Stratakis, M.; Facchetti, A.; Gareyev,
R.; Abbotto, A.; Krom, J. A.; Kilway, K. V. Can. J. Chem. 1998, 76, 765-769.

(49) Streitwieser, A. Acc. Chem. Res. 1984, 17, 353-357.

(50) Facchetti, A.; Streitwieser, A. J. Org. Chem. 1999, 64, 2281-2286.
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Figure 8. Eyring plot associated with the reaction between HO, and
[Fe''(SMe2N(tren))] ™ (1) in THF, with MeOH as the proton donor, to
afford hydroperoxo [Fe™(SMe2N(tren))(OOH)|* (2).

with a low-barrier process (i.e., HO, binding to 1) that
does not involve extensive bond cleavage. The entropy of
activation (AS* = —31 eu), obtained from the intercept, is
consistent with an associative mechanism, and closely
matches the theoretically calculated value for a bimole-
cular collision involving the loss of translational motion for
two particles. Rybak-Akimova, Busch, and Schindler have
observed similar enthalpies of activation for reactions in-
volving dioxygen binding to Co(II) and Fe(II).>">

Acetic Acid- and MeOH-Induced H,O, Release.
Hydrogen peroxide is released from [Fe(SM®?N,(tren))
(OOH)]" (2) fairly rapidly upon the addition of more
acidic proton donors (e.g., HOAc) to afford a stable
solvent-coordinated species, presumably via protonation
of the proximal peroxo oxygen.** This reaction (Scheme 6)
is best monitored in MeOH at —78 °C, conditions under
which  hydroperoxo-intermediate ~ [Fe(SM®*N(tren))-
(OOH)]" (2) is relatively stable (¢;» = 69.2 h; Supporting In-
formation, Figure S-19). Weaker acids, such as MeOH afford
burgundy methoxide-bound [Fe™(SM**N,(tren))(OMe)] "
(3) (Amax= S511(1770) nm), whereas stronger acids such as
HOAc, HCI, and HBF,, afford eggplant purple methanol-
bound [Fe'(SM®N (tren))(O(H)Me)]" (4, Apax = 530
nm).”® Alternative protonation sites would include the
thiolate sulfur or distal peroxo oxygen (Supporting Infor-
mation, Figure S-20). However, the former is ruled out by
the retention of the thiolate sulfur-to-Fe(III) charge trans-
fer band, and the latter is ruled out by the observed Fe(I1I)-
solvent and H,O, products.23 Possible side-reactions in-
volving O—O bond cleavage via protonation of the distal
peroxo to afford an Fe(V)=O0O (Supporting Information,
Figure S-20) would be energetically less feasible™ and
inconsistent with the observed H,O, product.*® The rate
of H>O, release (kielease) 18 dependent on the pK, of the
proton donor. Methanol-induced H>O, release occurs
with a kpejease(—60 °C) = 5.1x 107" M~ !sec™!, and acti-
vation parameters of AH" = 13.2 kcal/mol and AS™ = —24.3
eu (Figure 9). This translates into a hydroperoxo intermedi-
ate 2 half-life of approximately 1 min at ambient tempera-
ture in neat MeOH. Acetic acid-induced H,O, release

(51) Rybak-Akimova, E. V.; Otton, W.; Deardorf, P.; Roesner, R.;
Busch, D. H. Inorg. Chem. 1997, 36, 2746-2753.

(52) Kryatov, S. V.; Rybak-Akimova, E. V.; Schindler, S. Chem. Rev.
2005, 105, 2175-2226.

(53) Solomon, E. I. Inorg. Chem. 2001, 40, 3656-3669.
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Figure 9. Eyring plot for MeOH-induced release of H,O, from hydro-
peroxo [Fe™(SM*Ny(tren))(OOH)]" (2) to afford methoxide-bound
[Fe™(SMe2N,(tren))(OMe)] " (3).

(Supporting Information, Figure S-21) occurs, on the
other hand, with keease(—78 °C)=3.7 x 107> M ' sec™!
(Figure 10), and activation parameters of AH® = 8.3 kcal/
mol and AS* = —34 eu (Supporting Information, Figure
S-22), with a deuterium isotope effect of ky/kp = 3.1
(Supporting Information, Figure S-23). The rate at which
SOR intermediate T converts to intermediate T, (Scheme 1)
isalso pH dependent, and displays a deuterium isotope effect
of Kobs H20/Kobs. 020 ~ 21017 The enthalpy of activation for
our biomimetic reaction (HA = MeOH, Scheme 6, Figure 9)
is comparable to that (A H* = 12 kcal/mol) of H,O-induced
conversion of SOR intermediate T to SOR intermediate T,
(Scheme 1)."” The entropy of activation is consistent with
a reaction involving the rate-limiting protonation of an
Fe(IIT)—OOH ( Supporting Information, Figure S-20, path
a) via an associative mechanism. If O—O bond cleavage
were rate-limiting, then one would expect AS*tobe positive,
and the enthalpy of activation to be significantly larger, and
there would not be a significant primary deuterium isotope
effect (Supporting Information, Figure S-23). The larger
deuterium isotope effect observed with our biomimetic
reaction relative to that of SOR could be attributed, in
part, to the fact that kinetics were run at low temperatures
(i.e., =78 °C). The influence of temperature on isotope
effects have been noted previously for peroxo protonation
reactions.”*

Summary and Conclusions

Three possible mechanisms are proposed to explain
the proton-dependent formation of a synthetic thiolate-
ligated Fe(IlI)—OOH intermediate [Fe™(SM®Ny(tren))-
(OOH)]" (2) via oxidative addition of superoxide to
[Fe"(SM**N(tren))]™ (1). The first mechanism involves the

(54) Davydov, R.; Matsui, T.; Fujii, H.; Ikeda-Saito, M.; Hoffman, B. M.
J. Am. Chem. Soc. 2003, 125, 16208-16209.
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Figure 10. Non-linear second-order fit to absorbance versus time plot for
acetic acid-induced release of H,0, from [Fe™(SMe2N,(tren))(OOH)|* (2)
to afford [Fe™(SM?Nj(tren))(O(H)Me)] " (4) in MeOH at —78 °C.

initial protonation of O, prior to its coordination to the
metal to afford HO,, a more potent oxidant. A second
mechanism would involve the initial protonation of the Fe-
(IT)-coordinated thiolate sulfur of 1 to afford a dicationic
thiol intermediate that has a higher affinity for O, . And, a
third mechanism involves the binding of O, to the metal ion
to form an Fe'-superoxo intermediate, protonation of which
induces electron transfer from the metal ion to superoxide.
Derivation of the rate-laws shows that these mechanisms
should conceivably be distinguishable based on kinetics, the
reaction order with respect to iron, superoxide, and proton
donor, and the dependence on proton donor pK,. Kinetic
studies were performed in rigorously dried THF at low
temperatures (—78 °C) using electronic absorption spectros-
copy. Rates were shown to correlate with proton donor pK,,
display first-order dependence on Fe', and half-order depen-
dence on superoxide for mildly acidic proton donors with
pKara) > PKawio,)- For proton donors acidic enough to
convert O, to HO, (in THF), that is, those with pKjya) <
pKamo,), the reaction displays first-order dependence on
both superoxide and iron, with rates that are independent
of HA. This strongly suggests that a mechanism involving
oxidative addition of HO- to Fe' in the rate-determining step is
involved. Relative pK, values in THF were established for the
proton donors used in this study by measuring equilibrium
ion pair acidity constants using Streitwieser’s method.**>>
There is no apparent deuterium isotope effect, and bases,
such as methoxide, were shown to inhibit the reaction.
Activation parameters for this reaction (AH® = 2.8 kcal/
mol, AS* = —31 eu) were shown to be consistent with a low-
barrier associative mechanism that does not involve extensive
bond cleavage. Rate constants for p-substituted phenols were
shown to roughly correlate linearly with the Hammett sub-
stituent constants ¢ . Acetic acid and MeOH convert hydro-
peroxo intermediate 2 to solvent-bound [Fe'"(SM**N,(tren))
(O(H)Me)]" (4) and [Fe"™(SM*N,(tren))(OMe)]" (3),
respectively.”**® Activation parameters for these reactions
(MeOH: AH* = 13.2 kcal/mol and AS* = —24.3 eu, HOAc:
AH* = 8.3 keal/mol and AS* = —34 eu) were shown to be
consistent with a reaction involving rate-limiting protonation
of an Fe(IIT)—OOH. The observed deuterium isotope effect
(ky/kp = 3.1) is also consistent with this mechanism.

(55) Streitwieser, A.; Kim, Y. J. J. Am. Chem. Soc. 2000, 122, 11783-11786.
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The strong correlation between rates of hydroperoxo inter-
mediate 2 formation and proton donor pK, differs from the pH-
independent rate at which the metalloenzyme superoxide re-
ductase (SOR) Fe—peroxo intermediate forms.'"""* This
suggests that the mechanisms are different, most likely because
of the different solvent media (less polar, aprotic THF versus
water). It is also possible that the highly conserved Glu—CO,H
near the active site facilitates proton transfer and rapid forma-
tion of HO,, making the reaction rates independent of pH.
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