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ABSTRACT: We have generated a high-spin Fe'—OOH
complex supported by tetramethylcyclam via protonation of
its conjugate base and characterized it in detail using various
spectroscopic methods. This Fe"'—OOH species can be
converted quantitatively to an Fe'"=0 complex via O—O
bond cleavage; this is the first example of such a conversion.
This conversion is promoted by two factors: the strong
Fe'"—OOH bond, which inhibits Fe—O bond lysis, and the
addition of protons, which facilitates O—O bond cleavage.
This example provides a synthetic precedent for how O—O
bond cleavage of high-spin Fe''—peroxo intermediates of
non-heme iron enzymes may be promoted.

leavage of the O—O bond of Fe"'—~OOH species is a key

step in the O, activation mechanisms of cytochrome P450,"
Rieske dioxygenases,” and even methane monooxygenase
(MMO),’ leading to high-valent iron—oxo species that effect
organic substrate oxidation. On the other hand, Fe—O bond
cleavage to release H,O, must occur in the catalytic cycle of
superoxide reductase (SOR)* and for cytochrome P450 reactions
that exhibit uncoupling.' While protonation of the proximal O atom
of the Fe""—OOH unit can be readily envisioned as the step needed
to release H,O,, the mechanism for O—O bond cleavage is not as
simple. For heme peroxidases and cytochrome P450, it is generally
acceIpted that protonation of the distal O atom of the low-spin
Fe™—OOH intermediate facilitates the heterolysis of the O—O
bond." This notion should also apply to non-heme iron systems, but
the likely high-spin state of iron—peroxo species in non-heme
enzymes could raise the barrier for O—O bond lysis relative to that
for low-spin counterparts in heme enzymes.> The scarcity of
experimental evidence further limits insights into O—O bond
scission by non-heme enzymes. The only mechanistically relevant
information available is for MMO, where the conversion of the
peroxodiiron(11I) intermediate to the diiron(IV) oxidant exhibits a
pH dependence and a H/D solvent kinetic isotope effect,” empha-
sizing the key role played by a proton in O—O bond cleavage.
Among synthetic complexes, there are only a few non-heme
Fe™~OOH complexes that have been spectroscopically well-
characterized,”” but none of them has been directly observed to
generate a high-valent iron—oxo intermediate, thus making it
difficult to obtain mechanistic insights into this key step in iron-
catalyzed oxygen activation.
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To obtain the first example of an Fe"'—OOH complex that
can undergo O—O bond cleavage to generate a hi§h—valent
iron—oxo complex, we focused on trapping of [Fe'' (TMC)-
(OOH)*" (2) (TMC = tetramethylcyclam; see Scheme 1A
for its structure), a yet-elusive species invoked in reactions of
0, with [Fe(TMC)(CH;CN)]*" that afford [FeV(O)(TMC)-
(CH;CN)]*" (3) in 60—80% yield as the final product.8 Herein we
report the high-yield lﬁeneration of 2 by protonation of the
previously reported [Fe" (TMC)(0,)]" complex (1) at —40 °C,
its detailed spectroscopic characterization, and kinetic studies
that shed mechanistic light on the quantitative conversion of 2 to
3 (Scheme 1B).

Complex 1 was generated using the published procedure” by
treating 2.0 mM [Fe"(TMC)(CH5CN)]*" in CH;CN with 10
equiv of NEt; followed by 20 equiv of H,O, in CH;CN
at —40 °C. Complex 1 exhibits a A, of 835 nm (Figure 1 left)
with an & value of 650 M~ ' cm ™", as established with the aid of
Mossbauer data (see below). Upon addition of 20 equiv of HCIO,,
at —40 °C, 1 was converted immediately to a short-lived (¢, /, ~ 1
min) maroon intermediate (2) with a shoulderlike absorption
feature at ~500nm (¢ =450 M~ ' cm "), which in turn decayed to
give the signature absorption feature of 3 (Figure 1 right). The
significant blue shift observed in the conversion of 1 to 2 was noted
previously in the protonation of other non-heme Fe''(-0,)
species, consistent with the weaker basicity of the hydroperoxo
monoanion relative to the peroxo dianion.**" The conversion of 1
to 2 was reversible. Addition of excess NEt; to the solution of 2
instantly resulted in the near-quantitative regeneration of 1, as
shown by its characteristic absorption band. This cycle could be
repeated several times [see Figure S1 in the Supporting Informa-
tion (SI)]. These results further underscore that 2 is the conjugate
acid of 1 and can be formulated as [Fe"'(TMC)(OOH)]*".

The Mossbauer samples of 1—3 contain large fractions of the
designated complexes. In the spectrum of 1 shown in Figure 2A,
~90% of the total Fe belongs to 1; in Figure 2B, 80% of the Fe
can be assigned to 2, with 10% of the iron belonging to Fe'V=0
complex 3 (see below for analysis details). Analysis of a sample of
2 that was allowed to decay for S min after addition of HCIO,
showed that 90% of the total Fe corresponded to 3 (Figure S9).
Thus, the overall conversion of 1 to 3 is essentially quantitative.

The electronic structures of 1 and 2 were established by EPR
and Méssbauer spectroscopy. Both complexes are high-spin Fe'"
with quite different zero-field splitting (ZFS) parameters and
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Scheme 1. (A) TMC Ligand Used in This Study; (B) Con-
version of 1 to 2 and Then to 3 via a Putative Short-Lived
Fe'=0 Intermediate
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Figure 1. (left) UV—vis absorption spectra of [Fe™(TMC)(0,)]" (1)
(blue dashed line) and [Fe™(TMC)(OOH)]*" (2) (red solid line) in
CH;CN. (right) UV—vis absorption spectra during the conversion of 2
(red solid line) to [Fe'(O)(TMC)(CH;CN)]*" (3) (brown dashed
line) via the addition of ~20 equiv of HCIO, in CH3CN at —40 °C. b =
1 cm. Inset: Close-up view showing the isosbestic point at ~695 nm.

isomer shifts (Table S1). We analyzed the data with the S =/,
spin Hamiltonian (eq 1):

H=D(."—%/,)+EGS, —=8") +S-gB+§-A-1
—g.8,B-1+Hq (1)

where all symbols have their conventional meanings.

The X-band EPR spectrum of 1 exhibits, for the middle
Kramers doublet, signals at g.g = 4.58, 4.38, and ~4.1
(Figure 3A and Figures S4—S7). Mossbauer analysis (see the
SI) showed that D &~ —0.9 cm™ ' and E/D = 0.28(1). With E/D
fixed, the explanation of the EPR features of 1 required inclusion
of substantial fourth-order ZFS parameters (eq 2):

Hp = [353;‘ —308(S +1)8,” +258.” — 68(S + 1) — 38*(S + 1)2]

F

180
N o ~ 1

+g{sﬁ+sy4+sz4 — S+ 138 435 - 1)} (2)

For the simulation of Figure 2C, we used F = —0.108 cm 'and
a=—0.017 cm . Large fourth-order parameters, namely, a =
0.074 cm™ ' and F = 0.043 cm ™', have been reported for Fe
superoxide dismutase-azide,'® together with D = 0.46 cm ™" and
E/D = 0.255. An 8.0 T Mossbauer spectrum of 1 and a spectral
simulation are shown in Figure 2A (see Figures S2 and S3 for
additional spectra). The spectrum shown gives an isomer shift of
0 = 0.58 mm/s for 1, which is similar to that for the side-on
peroxo complex [Fem(N4Py)(772-02)]4r (0=0.61 mm/s).%® See
the SI for additional details of the spectral analysis.

Analysis of the Mossbauer spectra of 2 shown in Figure 2B and
Figure S8 yielded D = 4+2.5 cm ™, E/D = 0.097(7), and 6 = 0.51
mm/s. The EPR spectrum of 2 (Figure 2D) exhibited signals at
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Figure 2. (left) 4.2 K Mossbauer spectra of 1 and 2 in 3:1 (v/v) PrCN/
MeCN recorded in parallel applied fields (black lines) and simulations
(red lines); parameters are given in Table S1. (A) 8.0 T spectrum of 1.
(B) 1.2 T spectrum of 2 after removing 10% due to 3 from the data.
(right) X-band EPR spectra of 1 and 2 in 3:1 (v/v) PrCN/MeCN,
shown as black lines. (C) Complex 1. T = 15 K; microwave power =
0.02 mW; 1 mT modulation. The red line is a simulation using D =
—091cm Y E/D=028 F=—-0.108cm "anda= —0.017 cm™ ' (see
the SI), g = (2.04, 1.98, 2.03), and distributed E/D with 075, = 0.038.
(D) Complex 2. T = 10 K; microwave power = 2.0 mW; 1 mT
modulation. The red line is a simulation using D = 2.5 cmfl, E/D =
0.097, g = (2.00, 2.00, 2.00), and 0g/p = 0.02. The sharp features at g.q=
4.58 and 4.36 arise from residual 1 (representing 1% of the total Fe).
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Figure 3. (left) Fits to the Fourier transforms of the Fe K-edge EXAFS
data [k (k)] and (insets) Fourier-filtered EXAFS spectra [k*y(k)] for
(A) 1and (B) 2. Experimental data are represented as black dotted lines,
and fits are shown as red solid lines. Fits correspond to fits 9 for 1 (Table
S2) and 2 (Table S3). (right) Resonance Raman spectra of (C) 1 and
(D) 2 prepared with H,0, (black line) or H,'®0, (red line) (Ao, = 647.1
nm for 1 and 514.5 nm for 2).

Zef = 8.00 (ground doublet), 5.71 (middle), and 3.4 (ground),
consistent with the above D and E/D values. The parameters
used for the simulations of 1 and 2 are listed in Table S1.

We also carried out Fe K-edge X-ray absorption spectroscopy
(XAS) studies to obtain structural information and metric
parameters for 1 and 2 (Figure 3A,B and Tables S1—S3). The
EXAFS spectrum of 1 was best fit by two N/O scatterers at 1.93 A
and four N/O scatterers at 2.20 A, while the best fit for 2 consisted
of one N/O scatterer at 1.92 A and four N/O scatterers at 2.15 A.
Interchanging the number of scatterers in the 1.9 A subshells of 1
and 2, which arise from the peroxo ligands, significantly worsened
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Figure 4. (left) Plots of absorbance at 500 and 820 nm vs time for the
conversion of 2 to 3. Solid lines represent fits of the reaction progress
(absorbance at 500 and 820 nm) vs time to a typical first-order rate
equation. Experimental conditions: 1.5 mM 2 and 34 mM HCIO, in
CH;CN at —40 °C. (right) Plot of ky,s(820) and kups(500) vs added
[HCIO,] for the conversion of 2 to 3. Experimental conditions: 1.5 mM
2 in CH;CN at —40 °C. The black line is a linear fit for ks(820). See
the SI for additional experimental details.

the overall fit quality for both complexes, with unacceptable
Debye—Waller factors for this subshell in both cases (Tables S2
and S3). These results led to the respective assignments of an 77>
binding mode for the dianionic peroxo ligand in 1 and an 7'
binding mode for the monoanionic hydroperoxo ligand in 2.
These assignments were supported by the observed 0.05 A
decrease in rge_n,,,. in going from 1 to 2.1

Resonance Raman studies of 1 and 2 provided additional
insight into how the difference in binding mode affects the two
high-spin Fe'"'—peroxo units. Resonance-enhanced vibrations
were found for 1 at 826 and 493 cm™ ' and for 2 at 870 and
676 cm ™" (Figure 3C,D and Figure S10). These features can be
assigned respectively to ¥(O—0) and ¥(Fe—O) modes on the
basis of the observed '®0 downshifts, which conformed to
predictions for diatomic harmonic oscillators based on Hooke’s
law. The observed vibrational modes compare favorably to those
for related complexes (Table S4). The sole exception is -
(Fe—0) for 2 at 676 cm™ ', which lies above the range of
v(Fe—O) values (420—620 cm™ ') found for other high-spin
Fe'"—~OOH complexes studied to date (Table S4). We speculate
that the high ¥(Fe—O) value for 2 may reflect the weaker
electron-donating ability of the presumed CH;CN ligand trans
to the hydroperoxo unit relative to those for the other complexes.
The stronger Fe—O bond suggested by the high v(Fe—O) value
for 2 is also likely to be an important factor that contributes to the
observed cleavage of its O—O bond. In contrast, the F ¢"—OOH
units of oxyhemerythrin'> and SOR,"® with v(Fe—O) values that
are at least 100 cm ™' smaller, undergo Fe—O bond cleavage in
the course of their respective functions.

After its formation from 1, 2 quickly decayed and underwent
O—O bond cleavage to form [Fe™"(0)(TMC)(CH;CN) >+ (3)**
in essentially quantitative yield (see above). The decay of 2
(monitored at 500 nm) occurred concomitantly with the appear-
ance of 3 (monitored at 820 nm), with an isosbestic point at
~695 nm (Figure 1 right). The time courses of the absorbance
changes at both 500 and 820 nm could be fit with a simple first-order
kinetic model (Figure 4 left), affording rate constants (k) that
were found to be identical within experimental error. The tempera-
ture dependence of the k., values was determined from —40
to —20 °C (Figure S11), giving rise to an Eyring plot that yielded
the activation parameters AH = 44(2) kJ/mol and AS*= —90(10)

J mol ™" K~'. These parameters are quite distinct from those
determined for the reaction of [Fe"(TMC)(CH;CN)]*" with
H,0, in CH;CN in the presence of 2,6-lutidine to form 3 [AH¢
=29(2) kJ/mol and AS*=— 144(10) Jmol ' K™ '], which involves
a direct Fe"/Fe™=0 conversion."> On the other hand, the inter-
mediacy of the Fe" —OOH complex 2 has been postulated in the
reactions of [Fe" (TMC)(NCCH;)]*" with O, in the presence of
an H atom donor or its equivalent that afford 3 as the final product,
but 2 has been elusive in these reactions.” Our results thus provide
the first direct evidence to support this hypothesis.

This first unequivocal examgle of the conversion of a high-spin
Fe""-OOH species to an FeV'=0 complex provides an oppor-
tunity to discern the factors that promote O—O bond cleavage in
such species. Importantly, the conversion of 2 to 3 was found to
be proton-dependent. As shown in the right panel of Figure 4, the
values for both kops(500) and k,p,s(820) increased linearly with
added [HCIO,], and a second-order rate constant (k,) of 0.9(1)
M~ 's™ " at —40 °C was extracted from the slope of this plot. Also
of significance is the observation that the quantitative yield of 3
from 1 was not affected even at the largest amounts of added acid,
indicating that the added protons do not lead to Fe—O bond
cleavage in 2 to release H,O,. The observed proton dependence
of the formation of 3 strongly suggests that a proton promotes
O—O0 bond cleavage.

Proton-assisted O—O bond cleava§e has generally been
associated with O—O bond heterolysis,”'®'” as protonation of
the terminal oxygen atom of the Fe—OOH moiety converts
hydroxide into a much better leaving group. Indeed, this is the
generally accepted mechanism for the generation of the hi% -
valent iron—oxo intermediate Compound I in heme enzymes."
Protons also promote the conversion of the peroxo intermediate
of MMO into the corresponding diiron(IV) oxidant Q> In
model systems, it has been demonstrated that acid facilitates
O—0 bond heterolysis in the conversion of acylperoxoiron(III)
porphyrin complexes to oxoiron(IV) porphyrin cation radical
species."” Proton-assisted O— O bond heterolysis of Fe'' —~OOH
intermediates to generate Fe"=0 oxidants has also been pro-
posed in the mechanisms of non-heme iron catalysts that use
H,O, as the oxidant to carry out C—H hydroxylation, C=C
epoxidation and cis-dihydroxylation, and aromatic-ring
hydroxylation.'® The fact that many of the oxidations are highly
stereoselective argues against the involvement of HO - species
that would be produced from O—0 bond homolysis.'** Indeed,
an EPR signal assigned to the putative Fe" oxidant has been
reported.'” On the other hand, DFT calculations by Solomon®
revealed a very significant barrier for O—O bond homolysis of
high-spin Fe"'—OOH(R) species. Taken together, the points
presented above and our observed proton dependence for the
conversion of 2 into 3 lead us to favor a heterolytic cleavage
mechanism that would initially afford a formally Fe"=0 species.
Unfortunately, our attempts to intercept the putative Fe'=0
species have not been successful. Because of the neutral nature of
the TMC ligand, it is perhaps not surprising that the putative
[Fe"(0O)(TMC)]** species has such a short lifetime; it could be
rapidly reduced by one of several possible reductants present in
the reaction mixture (e.g, H,O,, NEt;, or even the CH;CN
solvent) to afford 3, which was experimentally observed
(Scheme 1B). Indeed, the only well-characterized Fe'=0
complex reported to date is supported by a tetraanionic macro-
cycligoligand that significantly extends the lifetime of the Fe'=0
unit.
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In summary, we have reported here the first example of a
synthetic high-spin Fe''—OOH complex that is quantitatively
converted to an oxoiron(IV) complex via O—O bond cleavage.
This transformation is promoted by two factors: (a) the strong
Fe—O bond found for 2 (as indicated by its high Raman
frequency), which appears to prevent Fe—O bond scission even
in the presence of 0.1 M HCIO,, and (b) the key role of protons.
Irrespective of the precise nature of the cleavage mechanism, the
conversion of 2 to 3 demonstrates that O—O bond cleavage can
indeed occur readily at a high-spin Fe'" center, even at —40 °C.
This example thus serves as a synthetic precedent for the proton-
assisted conversion of high-spin Fe'—OOH intermediates to
high-valent iron—oxo oxidants in the proposed mechanisms of
dioxygen-activating non-heme enzymes such as the cis-dihydrox-
ylating Rieske dioxygenases” and bacterial multicomponent
monooxygenases such as MMO? and toluene monooxygenase.”'
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© Supporting Information.  Detailed experimental proce-
dures and physical methods, a plot for the interconversion
between 1 and 2, a more extensive discussion of the Mossbauer
and EPR simulations of 1 and 2, details of the EXAFS analysis,
and an Eyring plot for conversion of 2 to 3. This material is
available free of charge via the Internet at http://pubs.acs.org.
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