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ABSTRACT: A nonheme iron(III) terminal methoxide
complex, [Fe(N3PyO*™)(OCH,;)]ClO,, was synthe-
sized. Reaction of this complex with the triphenylmethyl
radical (Ph;C*) leads to formation of Ph,COCH; and the
one-electron-reduced iron(II) center, as seen by UV—vis,
EPR, 'H NMR, and Mossbauer spectroscopy. These
results indicate that homolytic Fe—O bond cleavage occurs
together with C—O bond formation, providing a direct
observation of the “radical rebound” process proposed for
both biological and synthetic nonheme iron centers.

he radical rebound mechanism is a useful paradigm to

explain C—H hydroxylations carried out by both heme
and nonheme oxygenases, as well as analogous synthetic
complexes.' The mechanism involves the abstraction of a
hydrogen atom from a C—H bond by a high-valent metal-oxo
species, followed by recombination of the carbon radical (R®)
with the newly formed metal-bound hydroxide ligand. The
recombination, or “rebound” step, is presumed to involve
homolytic cleavage of the Fe—O bond along with one-electron
reduction of the iron center and formation of the new C—-O
bond (Scheme 1). The C—H cleavage step is typically rate-
determining, making the rebound step too fast for direct
observation. Efforts to probe this step indirectly have come
from a number of experimental and computational studies.”

Scheme 1. Oxygen and Halogen Radical Rebound
Mechanisms

R-H *+ “Fglv Re + _Fell
71NN 7T N
dissociation
halogenation hydroxylation
R-X + gl R-OH*+ Fal
<" “oH 7170

v ACS Publications  © Xxxx American Chemical Society

Alternative pathways to OH rebound are also possible,
including radical dissociation in synthetic systems and trapping
by other reactive species (e.g,, O,).”

The rebound step is especially important for the nonheme
iron halogenases (e.g., SyrB2, CytC3, WelO5).” These enzymes
selectively transfer a halogen ligand over an OH ligand in the
putative rebound step, and the question of how these enzymes
direct halogenation, versus the more common hydroxylation
seen for the hydroxylases, has been the focus of synthetic model
studies.

Synthetic nonheme model systems involving high-valent
Fe(O) species have provided evidence for both rebound and
non-rebound pathways in C—H oxidations.” Related computa-
tional studies have shown that when radical dissociation rates
are competitive with rebound rates, a non-rebound mechanism
may prevail, and possible causes for this reactivity were
suggested.”

The factors that control the rebound process, and sometimes
result in non-rebound pathways, are critical in determining the
final outcome of nonheme iron-mediated oxidations. For
example, substrate orientation has been invoked as a key factor
influencing rebound in the nonheme iron halogenases.’
However, first-coordination sphere effects, such as the identity
of the coligands on Fe, the relative metal-O(X) bond
strengths, Fe redox potentials, and the electronic structure of
the Fe complex, all may have a significant influence over
directing rebound versus non-rebound reactivity in both
enzymes and synthetic catalysts.

We have initiated efforts to develop complexes in which the
rebound step can be directly interrogated. We recently
described the first example of such a system for a heme-related
iron-hydroxide complex.6 However, to our knowledge, there
has thus far been no direct observation of a radical rebound
reaction with nonheme iron to produce a new C—O bond.”
Herein we report the synthesis and structural characterization
of a rare, terminal iron(IIT)-methoxide complex, and show that
it reacts directly with stabilized carbon radicals to give a
methoxy ether and a reduced iron(II) complex.
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Previous work from our laboratory described a pentadentate
ligand, N3PyS, that produced a mononuclear iron(II) complex
which reacted readily with O, and NO.® It was shown that
incorporation of the single thiolato donor facilitated O,
reactivity.” Reaction of [Fe''(N3PyS)](BF,) with O, led to S-
oxygenation.8

For the current study, we replaced the phenylthiolate arm
with a phenoxo donor and added phenyl substituents to give
the new ligand N3PyOH>™ (Scheme 2), with the objective of

Scheme 2. Synthesis of [Fe''(N3PyO*™")(CH,CN)](ClO,)
(1) and [Fe™(N3PyO*™)(0OCH,)](ClO,) (2)
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maintaining the electron-rich nature of the Fe' center for O,
reactivity while avoiding ligand oxygenation. The bulky phenyl
groups were incorporated to discourage yi-oxo dimer formation.
The unsubstituted analogue N3PyOH gives an oxo-bridged
diferric complex from Fe and 0,.'® A similar diphenyl-
substituted N4Py system has led to our recent isolation and
structural characterization of a metastable Fe'V(O) complex.11

Reaction of N3PyOH>™ with Fe(ClO,), and base in
acetonitrile led to the isolation of a high-spin mononuclear Fe'
complex, [Fe''(N3PyO*)(CH,CN)](ClO,) (1) (Scheme 2).
Dark yellow crystals were grown from MeOH/Et,O, resulting
in the crystal structure shown in Figure 1. The ligand binds

Figure 1. Displacement ellipsoid plots (50% probability) of the cations
of 1 and 2 at 110(2) K. H atoms are not shown for clarity.

pentadentate to Fe', while the sixth site is occupied by
acetonitrile. The Fe—N distances in 1 are similar to the Fe—N
distances found in high-spin Fe'' complexes of both N3PyS and
N4Py?™ derivatives, with the exception of the phenyl-
substituted pyridine donor trans to the phenolate group,
which exhibits an elongated distance of 2.473(3) A. A similarly
elongated distance is seen for one of the phenyl-pyridyl donors
(Fe—N = 2.378(13) A) in [Fe"(N4Py*™*)(NCCH,)](BE,),.' *

The Fe—O distance in 1 is in line with those in other Fe"-OAr
complexes."”

Reaction of 1 with air in methanol leads to a slow color
change from dark yellow 1 to a new dark purple species. UV—
vis spectroscopy shows the conversion of 1 to a new spectrum
with a broad band at 550 nm (& = 1290 M~' cm™), which is
consistent with a phenolate-to-iron(III) charge-transfer tran-
sition."” Crystallization of the purple product from MeOH/
Et,0 led to the crystal structure shown in Figure 1. The
structure reveals an iron(Ill) complex with a terminal
methoxide ligand in the open site, with formula [Fe'-
(N3PyO*™)(OCH;)](ClO,) (2) (Scheme 2). Crystals of 2
were examined by EPR spectroscopy, and revealed a relatively
sharp feature at g = 4.26 (13 K, THF). This spectrum is
consistent with a high-spin Fe! (S = 5/2) ground state. An
Evans method measurement'* of 2 in THF-dg gave g = 5.3
up, close to the spin-only value (5.91 ug) for a mononuclear
high-spin Fe'" ion. The distance of the Fe—N bond for the
phenyl-substituted pyridine donor trans to the phenolate donor
of 2 is shorter than the same bond in 1 (2.341(2) vs 2.473(3)
A), as expected for the increase in oxidation state. Terminal
iron-alkoxide complexes are relatively rare. The closest
analogue to 2 is Fe(N4Py)(OCH;)]*"."> The Fe-OCH,
bond length for 2 of 1.784(2) A is similar to the same bond
in Fe(N4Py)(OCH;)]** (1.772(3) A), and is on the short
end of the range seen for other Fe""-OCH, complexes (Fe"'—O
= 1.77-1.90 A).">'¢

Given that 2 is a close analogue of the Fe"(OH) rebound
intermediate in Scheme 1, we hypothesized that 2 could be
used for the direct examination of a radical rebound process. A
suitable carbon radical (R®) might react with 2 to give a
methoxy ether (ROCH;) product and the one-electron-
reduced iron(II) complex. Trityl radical (Ph;C®) is stable in
organic solvents, and readily prepared in the solid state as a
closed-shell dimer (Ph;C), (Gomberg’s dimer), which
dissociates to give a known amount of the radical (~2% at
25 °C) in solution.'” Reaction of (Ph,C), with 2 in THF at 23
°C led to the slow decay (~48 h) of the Fe™-OCH; complex as
seen by UV—vis spectroscopy. At higher temperatures,
Gomberg’s dimer dissociates to a greater extent,'” and heating
the former reaction to 50 °C led to ~80% decay of the 570 nm
band for 2 within 1 h (Figure S7). Monitoring the same
reaction by EPR spectroscopy showed that the singlet at g =
4.26 assigned to 2 decreases upon reaction with Ph;C®, with an
80% loss of 2 after 1 h at S0 °C (Figure S9), in good agreement
with the UV—vis data. The final product is EPR-silent,
consistent with integer-spin Fe'!, the anticipated product.

Thin-layer chromatography (TLC) indicated that the
rebound product Ph;COCHj; was formed after 1 h in reaction
mixtures of 2 and (Ph;C), in THF at 50 °C. Analysis by 'H
NMR spectroscopy in THF-dg revealed the formation of a peak
at § 3.04 ppm after 60 min (Figure S13) which can be assigned
to Ph;COCH;. Quantitation of this peak gave a yield of the
methoxy ether of 60% (based on total 2). This result was
corroborated by GC-FID, which revealed production of
Ph;COCH; in 58% yield. The GC and NMR yields are in
good agreement with each other. Further improvements in
yield could not be obtained by increasing reaction times up to
24 h. The yield for this reaction is likely limited by the
concomitant formation of a side product of the trityl radical,
which was identified by 'H NMR as a tautomeric form of
Gomberg’s dimer that does not dissociate to release trityl
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radical,"® as well as slow background decomposition of 2 under
the reaction conditions (Figure S8).

Mbossbauer spectroscopy provided further insights regarding
the rebound reaction of 2 with trityl radical. Isotope-enriched 2
(*’Fe, 95.93%) was reacted with Gomberg’s dimer in THF at
50 °C for 70 min, and then frozen at 77 K for Mdssbauer
analysis (Figure 2). The spectrum of 2 before reaction,
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Figure 2. Fe Mossbauer spectra (hatched lines) for complex 2 in
THEF at 5.2 K together with the best fits for hs-Fe™ in both the slow-
(blue dashed line) and fast-relaxing (blue solid line) regimes (top);
same sample as above at 100 K and best fit (blue line) for a fast-
relaxing quadrupole doublet as the major component (top middle);
complex 1 in THF at 5.2 K and best fit (red line) for a hs-Fel
quadrupole doublet (bottom middle); the reaction mixture of 2 and
Gomberg’s dimer in THF at 50 °C after 70 min and best fit (red line)
for a hs-Fe' quadrupole doublet (bottom).

measured at 5.2 K, shows a 6-line pattern typical of a
magnetically split iron(III) complex, overlaid with a quadrupole
doublet. These signals are consistent with a mixture of Fe'" in
both slow- and fast-relaxation regimes, respectively. This
analysis was confirmed when the sample was measured at
100 K (Figure 2), showing that the sextet collapsed into a single
quadrupole doublet with parameters consistent with high-spin
Ee' (5 = 0.50, AEq = 1.29 mm s!). The Mdssbauer spectrum

of a solid state sample of 2 at 100 K is nearly identical (Figure

S17), further corroborating this analysis. Upon reaction with
Ph,C*, the Fe" starting material disappears, and a new, sharp
quadrupole doublet with parameters 6 = 1.38 and AEq = 3.35
mm s~ is observed. The parameters of this new doublet are
distinctive of high-spin iron(II), and quantification of the signal
indicates that the final Fe' species accounts for 90% of the total
iron content. This result indicates that the slow background
decay of 2 gives the same one-electron-reduced Fe"" product.

A Mossbauer spectrum of a recrystallized sample of 1 in THF
shows a high-spin Fe" quadrupole doublet (§ = 1.05, AEq =
2.29 mm s7'), albeit with different parameters than the final
reaction mixture described above. The differences observed
between this spectrum and the final reaction mixture are most
likely due to different solvent ligands occupying the sixth site of
[Fe'(N3PyO™™)]*. A THF solvent molecule likely occupies
the open site in the reaction with Ph;C®, as compared to the
coordinated CH;CN seen in 1. To gain further insight, DFT
calculations were performed on optimized geometries of 1, 1-
THEF, and a S-coordinate analogue of 1. The calculated isomer
shift of a S5-coordinate complex is lower than both the
experimental data and calculated 6-coordinate complexes
(Table S3). DFT calculations also show the isomer shift of 1-
THEF is higher than that for 1, as seen experimentally. Thus,
DFT calculations support that a 6-coordinate product is
formed. This analysis is further supported by paramagnetic
'"H NMR, which revealed that the initial spectrum for 2, with
peaks between +100 and —40 ppm, disappears upon reaction
with trityl radical, leaving poorly resolved features. However,
removal of the THF and dissolution of the remaining brown
residue in CD;CN gives an NMR spectrum that can be
assigned to the acetonitrile-bound Fe" complex (Figure S14).

Taken together, the UV—vis, EPR, NMR and Mdssbauer
data confirm that 2 reacts with Ph;C* to give the one-electron-
reduced, radical rebound product [Fe' (N3PyO*™)]* and a new
C—O bond. The rebound reaction is summarized in Scheme 3.
In our work on Fe(OH) rebound with trityl radical, we have
shown that a concerted rebound mechanism is the most likely
scenario.® We suggest a similar mechanism here, as shown in
Scheme 3.

The synthesis and structural characterization of a rare,
mononuclear terminal Fe'-methoxide complex allowed for the
first direct observation of radical rebound with a nonheme iron
complex to give a new C—O bond. The Fe-OCH; complex
reacts efficiently with trityl radical in a rebound process that
involves homolytic cleavage of the Fe—O bond and formation
of PhyCOCH; and the one-electron-reduced iron(II) complex.
The current work provides support for the feasibility of the
rebound pathway in C—H activation processes by nonheme
iron-oxo species. However, the probability of rebound versus

Scheme 3. Radical Rebound Reaction
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cage escape of the carbon radical is a key question that remains
challenging to assess. The direct examination of the radical
rebound reaction described here foreshadows further exper-
imental approaches to address these fundamental mechanistic
issues.
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