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ABSTRACT: The synthesis and reactivity of a series of
mononuclear nonheme iron complexes that carry out intra-
molecular aromatic C−F hydroxylation reactions is reported.
The key intermediate prior to C−F hydroxylation, [FeIV(O)-
(N4Py2Ar1)](BF4)2 (1-O, Ar1 = −2,6-difluorophenyl), was char-
acterized by single-crystal X-ray diffraction. The crystal structure
revealed a nonbonding C−H···OFe interaction with a CH3CN
molecule. Variable-field Mössbauer spectroscopy of 1-O indi-
cates an intermediate-spin (S = 1) ground state. The Mössbauer
parameters for 1-O include an unusually small quadrupole
splitting for a triplet FeIV(O) and are reproduced well by density
functional theory calculations. With the aim of investigating
the initial step for C−F hydroxylation, two new ligands were
synthesized, N4Py2Ar2 (L2, Ar2 = −2,6-difluoro-4-methoxyphenyl) and N4Py2Ar3 (L3, Ar3 = −2,6-difluoro-3-methoxyphenyl), with
−OMe substituents in the meta or ortho/para positions with respect to the C−F bonds. FeII complexes [Fe(N4Py2Ar2)(CH3CN)]-
(ClO4)2 (2) and [Fe(N4Py2Ar3)(CH3CN)](ClO4)2 (3) reacted with isopropyl 2-iodoxybenzoate to give the C−F hydroxylated
FeIII−OAr products. The FeIV(O) intermediates 2-O and 3-O were trapped at low temperature and characterized. Complex 2-O
displayed a C−F hydroxylation rate similar to that of 1-O. In contrast, the kinetics (via stopped-flow UV−vis) for complex 3-O
displayed a significant rate enhancement for C−F hydroxylation. Eyring analysis revealed the activation barriers for the C−F
hydroxylation reaction for the three complexes, consistent with the observed difference in reactivity. A terminal FeII(OH)
complex (4) was prepared independently to investigate the possibility of a nucleophilic aromatic substitution pathway, but the
stability of 4 rules out this mechanism. Taken together the data fully support an electrophilic C−F hydroxylation mechanism.

■ INTRODUCTION

The aromatic amino acid hydroxylases phenylalanine hydrox-
ylase (PheH), tryptophan hydroxylase (TrpH), and tyrosine
hydroxylase (TyrH) comprise a class of nonheme iron oxygenases
that are responsible for the hydroxylation of aromatic rings
on the amino acid side chain. The proposed mechanism of
the catalytic cycle involves formation of a high-valent FeIV(O)
(ferryl) intermediate that carries out an electrophilic attack
on the aromatic ring as the initial step in the hydroxylation
reaction.1−3 Spectroscopic evidence for the intermediacy of an
FeIV(O) species is well-documented for TyrH and PheH.4,5

The analogous hydroxylation of aromatic substrates by syn-
thetic nonheme iron complexes is known, but the nature of the
active intermediate(s) has not been established. Both FeIV(O)

and FeV(O) species were proposed as active oxidants in the
absence of direct spectroscopic evidence.6−20

The spin state of FeIV(O) species has been promoted as one
of the key factors that determines reactivity.21−28 Nonheme
iron enzymes, including the former hydroxylases, access high-
spin (S = 2, quintet) FeIV(O) intermediates,29,30 whereas most
synthetic FeIV(O) complexes exhibit intermediate-spin (S = 1,
triplet) ground states. No intermediate-spin FeIV(O) complexes
were shown to promote aromatic hydroxylation, with the excep-
tion of a reaction with anthracene (but not with benzene or
naphthalene) to give anthraquinone product.7 Only recently
was aromatic hydroxylation by a synthetic high-spin FeIV(O)
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complex reported.31 The generally enhanced reactivity of
nonheme Fe enzymes as compared to that of the synthetic
systems has been ascribed, in part, to the difference in spin
ground state for the ferryl intermediate, and the observations
regarding aromatic hydroxylation appear to follow this trend.
The origin of the enhanced reactivity of a quintet versus triplet
FeIV(O) species has been debated and was examined mainly by
computational studies. Calculations suggested that part of the
reason for the low reactivity of triplet FeIV(O) was because of
steric clash between the incoming aromatic substrate and the
equatorial ligands, which blocked access to the key π* acceptor
orbitals on the FeIV(O) unit.6,7,25,32

Recently, we provided experimental evidence showing that
FeIV(O) complexes are capable of aromatic hydroxylation
provided that the aromatic substrate can be oriented properly
in the second coordination sphere.15,33 In one case, we directly
characterized the FeIV(O) intermediate [FeIV(O)(N4Py2Ar1)]2+

(Ar1 = −2,6-difluorophenyl), and observed the intramolecular
arene hydroxylation reaction for this system by UV−vis,
Mössbauer, and cold-spray ionization mass spectrometry
(CSIMS). This study provided only the second example of a
well-characterized FeIV(O) complex that could mediate arene
hydroxylation. It also represented the first example of an
aromatic C−F hydroxylation mediated by a nonheme iron
complex. The tethered aromatic ring was fluorinated at the site
of oxidation.33 Density functional theory (DFT) calculations
suggested that this FeIV(O) complex not only had a triplet
ground state but also indicated that a quintet excited state may
be close in energy. The presumed 6-coordinate geometry of this
complex was consistent with a triplet state, although there were
recent reports of quintet FeIV(O) accommodated by a weak
6-coordinate ligand field.34,35 The low-field Mössbauer param-
eters of the FeIV(O) complex exhibited the anticipated low
isomer shift (δ = 0.03 mm/s) for an FeIV(O) species, but the
magnitude of the quadrupole splitting (ΔEQ = 0.54 mm/s) was
noticeably smaller than that of other intermediate-spin FeIV(O).36

Thus, the spin ground state assignment for [FeIV(O)(N4Py2Ar1)]2+

was ambiguous. The spin-state assignment for the active FeIV(O)
intermediate is critical to understand whether intermediate spin
(S = 1) nonheme FeIV(O) complexes are inherently capable of
performing these oxidation reactions.
The mechanism of C−F hydroxylation for [FeIV(O)-

(N4Py2Ar1)]2+ was suggested to involve electrophilic attack of
FeIV(O) on the nearby aryl group. However, the difluoro-
substituted phenyl groups are electron-poor, making electro-
philic attack challenging. Fluoro-substituted phenyl rings are
known to undergo nucleophilic substitution, including with a
metal-bound hydroxide.37,38 An alternative mechanism would
involve nucleophilic aromatic substitution by a putative FeIII(OH)
intermediate, which could form via H atom transfer to FeIV(O)
from solvent or perhaps from a comproportionation reaction
between FeIV(O) and the starting FeII complex.
In the current work we determine the spin state of the

FeIV(O) intermediate and identify the nature of the initial
step in the mechanism of the C−F hydroxylation by a combina-
tion of ligand design, reactivity studies, and spectroscopic
methods. The FeII complexes of two new ligands N4Py2Ar2

(Ar2 = −2,6-difluoro-4-methoxyphenyl) and N4Py2Ar3 (Ar3 =
−2,6-difluoro-3-methoxyphenyl) were synthesized. These
ligands were designed to include electron-donating methoxy
substituents on the phenyl rings in either the meta or ortho/
para positions in relation to the fluorine groups. Both of
the new FeII complexes undergo intramolecular aromatic C−F

hydroxylation upon reaction with the appropriate oxidant. The
relative reactivity of these complexes, together with the syn-
thesis of a new terminal iron(II)−hydroxide complex, provide
critical insight into the mechanism of C−F hydroxylation. The
geometric and electronic structure of the key metastable
FeIV(O) species was determined by variable-field Mössbauer
spectroscopy, as well as by single-crystal X-ray crystallography.

■ RESULTS AND DISCUSSION
Structural Characterization of the Ferryl Intermediate

[FeIV(O)(N4Py2Ar1)](BF4)2 (1-O). In an earlier report, it was
shown that the FeII precursor [FeII(N4Py2Ar1)(CH3CN)](BF4)2
(1, Ar1 = 2,6-difluorophenyl) reacted with O atom transfer
agents to give the ferryl complex 1-O, which could be trapped
at −20 °C and characterized by UV−vis, low-field Mössbauer
spectroscopy, and CSIMS.33 Upon warming, this complex
readily converted to the arene hydroxylated product 1-OAr as
shown in Scheme 1, and time-dependent studies confirmed 1-O

was the reactive intermediate in this rare C−F hydroxylation
reaction. Given the novel reactivity of this FeIV(O) complex, we
were motivated to obtain the complete structural and electronic
characterization of this complex by X-ray crystallography and
variable-field Mössbauer spectroscopy. Although a number of
synthetic nonheme FeIV(O) complexes have been reported, only
a few have been crystallographically characterized to date.39−45

The [FeIV(O)(N4Py2Ar1)]2+ complex (1-O) was generated
from the reaction of [FeII(N4Py2Ar1)(CH3CN)]

2+ (1) and
isopropyl 2-iodoxybenzoate (IBX-ester) at −20 °C. Yellow
crystals of 1-O were obtained by layering of Et2O into the
CH3CN reaction mixture at −70 °C. The crystal structure of
1-O is given in Figure 1 and shows a 6-coordinate iron complex
with a terminal oxo ligand in the open site. The short Fe−O
distance of 1.6600(16) Å is characteristic of an iron(IV)−oxo
complex.39−45 The Fe−N distances (1.9730(18)−2.0511(17) Å)
are also in the expected range for an FeIV(O) species.
As depicted in Figure 1, a single CH3CN molecule is found
in close proximity to the FeIV(O) unit. The H···O distance
(2.54(3) Å) and C−H···O angle (170(3)°) indicate a non-
bonding interaction between the methyl C−H of the solvent
molecule and the terminal oxo ligand. Similar nonbonding

Scheme 1. Ligand N4Py2Ar1 (L1) and the [(L1)FeIV(O)]2+-
Mediated Aromatic C−F Hydroxylation
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C−H···O interactions have been observed in other structurally
characterized FeIV(O) complexes, but the C−H−O angles in
these structures are significantly bent (100.4−131.6°).39,42,43
The experimentally determined C−H−O angle in 1-O is
170(3)° and is the closest to linearity among the synthetic
FeIV(O) complexes. It is intriguing to consider that this
interaction resembles the early stage of an H atom transfer from
the C−H bond to the FeIV(O) unit.
The spin state of FeIV(O) complex 1-O cannot be assigned

from a simple analysis of the bond lengths in the crystal
structure. As seen by comparison of the high- and intermediate-
spin FeIV(O) species in Table 1, there is no clear experimentally
observed trend seen for bond lengths versus observed spin
ground state.46 However, it should be noted that the S = 2 com-
plexes in Table 1 are 5-coordinate species, whereas the S = 1
complexes are 6-coordinate. The enhanced reactivity of 1-O
toward arene hydroxylation suggested that this complex could
be an unusual 6-coordinate high-spin FeIV(O). The only other
characterized FeIV(O) complex that mediates arene hydroxylation

is a high-spin S = 2 species.31 In addition, low-field Mössbauer
data showed that 1-O exhibits an isomer shift consistent with
either intermediate- or high-spin FeIV(O) but a quadrupole
splitting closer to the high-spin complexes (Table 1). It is
known that the addition of bulky aryl substituents ortho to
pyridyl N donors results in the conversion of low-spin iron(II)
to high-spin iron(II) complexes.15 We thus sought to analyze
the spin state of 1-O by variable-field Mössbauer spectroscopy.

Mössbauer Spectroscopy. The electronic structure of
[FeIV(O)(N4Py2Ar1)](BF4)2 (1-O) was examined by variable-
field Mössbauer spectroscopy. An 57Fe-enriched sample of
1-O was prepared from combining 57FeII(BF4)2 and free ligand
in CH3CN, followed by addition of the oxidant at −20 °C,
as previously described.33 Analysis of the spectra (Figure 2,

left panel, black vertical bars) reveals that ∼60% of the total inten-
sity of the spectrum is attributable to 1-O. The remaining ∼40%
of the total intensity emanates from one or more ferric com-
plexes and can be reasonably well approximated by the experi-
mental spectra of a duplicate sample that was allowed to decay
for 40 min at room temperature (green lines). Removal of the

Figure 1. Displacement ellipsoid plot (30% probability) of the cation
of 1-O at 110(2) K, depicting the C−H···O interaction in the asym-
metric unit. All H atoms except for those in the CH3CN molecule were
omitted for clarity. Selected bond distances: Fe1−N1 1.9730(18),
Fe1−N2 2.0511(17), Fe1−N3 1.9771(18), Fe1−N4 2.0408(17),
Fe1−N5 2.0269(17), Fe1−O1 1.6600(16).

Table 1. Select Bond Distances (Å), Mössbauer Parameters (mm/s), and Spin State Assignments for Nonheme FeIV(O)
Complexes Characterized by XRD

Fe−N distances

FeIV(O) δ, ΔEQ avg Fe−Neq Fe−Nax Fe−O distance spin state

[FeIV(O)(N4Py)]2+ −0.04, 0.93 1.957 2.033(8) 1.639(5) 1 (ref 40)
[FeIV(O)(TMC-py)]2+ 0.18, 1.08 2.083 2.118(3) 1.667(3) 1 (ref 44)
[FeIV(O)(TMC)(CH3CN)]

2+ 0.17, 1.24 2.091 2.058(3) 1.646(3) 1 (ref 43)
[FeIV(O)(d36-TMG3tren)]

2+ 0.09, −0.29 2.005 2.112(3) 1.661(2) 2 (ref 39)
[FeIV(Osyn)(TMC)(OTf)]+ 0.16, 1.55 2.068 1.625(4) 1 (ref 45)
[FeIV(O)H3buea]

− 0.02, 0.43 1.983 2.064(1) 1.680(1) 2 (ref 41)
[(LNHC)FeIV(O)(MeCN)]2+ −0.13, 3.08 1.661 (3) 1 (ref 42)
[FeIV(O)(N4Py2Ar1)]2+ 0.03, 0.54 2.004 2.051(2) 1.660(2) ? (this work)

Figure 2. 4.2 K Mössbauer spectra of 1-O. Left panel: Spectra
recorded in externally applied magnetic field with field strength
indicated in the figure (black vertical lines). The solid green lines are
the experimental spectra of a duplicate sample of 1 + IBX-ester reacted
at 23 °C for 40 min, scaled to 38% of intensity. Right panel: Reference
spectra of 1-O generated by removal of the contribution of the decay
products (black vertical lines). The solid red lines are simulations for
S = 1 spin Hamiltonian using the following parameters: D = 23 cm−1,
E/D = 0.08, giso = 2.0, δ = 0.03 mm/s, ΔEQ = +0.54 mm/s, η = 0, and
A = (−29.1, −27.8, −6.5) MHz.
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contribution of the ferric decay product results in the reference
spectra of 1-O (Figure 2, right panel, black vertical bars).
The 4.2 K/53 mT Mössbauer spectrum of 1-O displays a
quadrupole doublet with parameters (δ = 0.03 mm/s and ΔEQ
= 0.54 mm/s) identical to those previously reported.33 While
the isomer shift is typical of ferryl complexes, the absolute
magnitude of the quadrupole splitting parameters is smaller
than those observed for other ferryl complexes (ΔEQ ≈
1.2 mm/s).36 However, spectroscopic parameters calculated
using density functional theory (DFT) methods on geometry-
optimized structures of 1-O and the extensively characterized
intermediate-spin ferryl complex with 1,4,8,11-tetramethyl-
cyclam ligand [(TMC)FeIV(O)(CH3CN)]

2+ are in good agree-
ment with the experimentally observed values (Table S1).
The variable-field Mössbauer spectra of 1-O are similar to those
previously reported for intermediate-spin FeIV(O) complexes
and establish that 1-O has a S = 1 ground state. Because the
spin Hamiltonian parameters required for analysis of the field-
dependent spectra are correlated,47 we fixed the values of the
A-tensor to those calculated for 1-O and allowed the remaining
parameters to vary. This approach yields zero-field splitting
(ZFS) parameters D ≈ 23 cm−1 and a small rhombicity (E/D),
i.e., values that are typical of intermediate-spin ferryl complexes.
The nearly axial ZFS tensor with a positive D produces a well-
isolated ground state, which has a moderate spin expectation value
in the xy plane, ⟨Sx⟩ ≈ ⟨Sy⟩ but only a vanishingly small ⟨Sz⟩.
New Aryl-Substituted FeII Complexes: Mechanistic

Implications. The C−F hydroxylation reaction observed for
1-O was unprecedented and suggested that an intermediate-spin
FeIV(O) species could function as a powerful oxidant provided
that the substrate was oriented properly in the second coordi-
nation sphere. However, fluorinated aromatic rings are strongly
resistant to electrophilic attack but are susceptible to nucleo-
philic aromatic substitution. There is also precedent for nucleo-
philic substitution of aryl C−F bonds by a metal-bound
hydroxide intermediate.37 A similar nucleophilic pathway
conceivably could occur if an intermediate Fe(OH) species
was generated during the C−F hydroxylation reaction for 1.
In our previous report, we postulated that the C−F hydroxylation
reaction was likely initiated by electrophilic attack of FeIV(O) on
the difluorophenyl ring, although direct experimental evidence
was lacking for this mechanism. Subsequent to our initial study,
another example of nonheme-iron-mediated intramolecular
C−F hydroxylation was reported.20 The possibility of either
an electrophilic or nucleophilic mechanism was invoked for
the observed reactivity. However, no direct evidence for either
mechanism was provided.
To probe the nature of the initial step of the C−F hydrox-

ylation mechanism, the N4Py2Ar1 ligand was modified with
electron-donating methoxy substituents on the difluorophenyl
rings. The new ligands N4Py2Ar2 (L2) and N4Py2Ar3 (L3)
were prepared following a route similar to that for N4Py2Ar1

(Scheme 2).33 The key step involved 2,6-difluoro-4-methox-
yphenylboronic acid (for L2) or 2,6-difluoro-3-methoxyphe-
nylboronic acid (for L3) starting materials in Suzuki−Miyaura
coupling reactions. Employing XPhos-Pd-G2 as the precatalyst,
the resulting C−C coupling products were obtained in rea-
sonable yields (49−65%). The completed ligands L2 and L3
were synthesized according to Scheme 2 and isolated as pure
solids after chromatography on basic alumina.
Synthesis and Structure of a meta-OMe Substituted

FeII Complex. The reaction of N4Py2Ar2 (L2), with an −OMe
group positioned meta to the fluorine substituents, and Fe(ClO4)2

in CH3CN followed by vapor diffusion of Et2O yielded crystals
of [FeII(N4Py2Ar2)(CH3CN)](ClO4)2 (2). X-ray diffraction
analysis (at 110(2) K) of 2 revealed a six-coordinate iron
complex with a CH3CN molecule in the open site (Figure 3).

The Fe−NPy bond lengths (1.949(2)−2.063(2) Å) seen in the
crystal structure at 110(2) K are indicative of a low-spin
(ls)-Fe2+ complex.48 The Fe−NPy bonds carrying the fluorinated
aryl rings are longer (2.063(2) and 2.030(2) Å) than the other
Fe−NPy bonds (1.961(2) and 1.949(2) Å) because of steric
interactions caused by the aryl substituents.15,33 Although the
crystal structure indicates an ls-FeII species, the 1H NMR spec-
trum for 2 in CD3CN at 297 K showed paramagnetically shifted
peaks (100.3 to −1.43 ppm). A solution-state Evans method
measurement for 2 in CD3CN (at 297 K) gave a magnetic
moment value of μeff = 4.0 μB, consistent with high-spin
(hs)-Fe2+ (S = 2, μeff(calcd) = 4.9 μB). Mössbauer spectra
(4.2 K) of 2 ([57Fe(N4Py2Ar2)(CH3CN)](ClO4)2) in frozen solu-
tion revealed a mixture of ls- and hs-Fe2+ complexes (Figure S20).
These data are consistent with population of both hs- and ls-FeII

for 2 in the solution state, which is also temperature-dependent.
C−F Hydroxylation with 2. The reaction of 2 at 23 °C

with the O atom transfer reagent IBX-ester in CH3CN (Scheme 3)
resulted in immediate decay (within 3 min) of the FeII peaks
(460 and 370 nm) and formation of a broad, weak band at
750 nm. This band slowly converted into a relatively intense
peak at 780 nm (Figure 4) over the next ∼40 min. The weak
band at 750 nm is characteristic of nonheme FeIV(O) complexes
and is similar to the UV−vis feature seen for 1-O. The final

Scheme 2. Synthetic Route for the Preparation of L2 and L3

Figure 3. Displacement ellipsoid plot (50% probability) of the cation
of 2 at 110(2) K. The H atoms were omitted for clarity. Selected bond
distances (in Å): Fe1−N1 1.9614(19), Fe1−N2 1.9599(19), Fe1−N3
1.949(2), Fe1−N4 2.0626(19), Fe1−N5 2.030(2), Fe1−N6 1.927(2).
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spectrum with a peak at 780 nm is close to that previously
reported for FeIII−OAr complex [FeIII(N4PyAr1,Ar1O)]2+.33

Analysis of the final green solution by electrospray ioniza-
tion mass spectrometry (ESIMS) revealed a parent ion at
m/z 352.0784, indicating formation of the C−F hydroxylated
complex [FeIII(N4PyAr2,Ar2O)]2+ (calcd m/z 352.0781). A peak for
a chloride-associated ion, [FeIII(N4PyAr2,Ar2O)Cl]+ (m/z 739.1276),
was also observed, where the ESIMS instrument likely provides
the adventitious chloride.
Conclusive evidence of the occurrence of C−F hydroxylation

and the formation of the phenolate-bound iron complex was
obtained by X-ray crystallography (Figure 5). Green crystals
of the FeIII−OAr complex 2-OAr were obtained by vapor
diffusion of Et2O into CH3CN. The structure revealed a
6-coordinate FeIII complex with the expected phenolate
coordination resulting from hydroxylation of one of the C−F
bonds. The Fe−N (1.921(2)−2.018(2) Å) and Fe−O
(1.814(2) Å) bond lengths are consistent with ls-FeIII, which
was further supported by the observation of a rhombic S = 1/2
signal [g = (2.42, 2.12, 1.90)] in the X-band EPR spectrum
(Figure S18). The signals with effective g-values of 6.37 and
4.24 in the EPR spectrum indicated the presence of a hs-Fe3+

species, which may arise from the [FeIII(F)(N4Py2Ar2)]2+ side-
product generated during the reaction. The formation of an
FeIII(F) species was observed in the previous example of
FeIV(O)-mediated aromatic C−F hydroxylation.33 Manual
isolation of the crystals of 2-OAr followed by molar absorptivity
measurement of 2-OAr revealed 70% yield for the C−F
hydroxylated product at 23 °C.
Trapping the FeIV(O) Intermediate (2-O). Performing the

reaction of 2 + IBX-ester at −20 °C (Scheme 3) and following
by UV−vis revealed a weak absorption band at λmax = 750 nm

consistent with formation of [FeIV(O)(N4Py2Ar2)]+ (2-O,
Figure 6), similar to that observed for 1-O.33 This band is stable

for at least 4 h at −20 °C. CSIMS of the solution at −20 °C
revealed the parent ion peak at 361.5774, supporting the
formation of [FeIV(O)(N4Py2Ar2)]2+ (calcd m/z 361.5773),
and the isotope distribution pattern indicated the presence of
another complex with formula consistent with FeIII(OH)
in approximately a 2:1 FeIV(O)/FeIII(OH) ratio (Figure S9).
Evidence for the formation of the ferryl species was obtained
from Mössbauer spectroscopy (Figure S20). The 4.2 K/53 mT
Mössbauer spectrum revealed that 2-O exhibits a quadrupole
doublet with parameters (δ = 0.03 mm/s, ΔEQ = 0.48 mm/s)
almost identical to 1-O. The 4.2 K/8 T spectrum further
revealed that 2-O has a S = 1 ground state (Figure S20).

Kinetic Analysis for 2. The observance of the FeIV(O) inter-
mediate 2-O by UV−vis allowed us to measure the rate of C−F
hydroxylation at room temperature (23 °C). The absorbance at
780 nm was plotted against time, assigning t = 0 following the
time required to form FeIV(O) (750 nm). Fitting of these data
gave a first-order rate constant of k2 = 6.7(±0.1) × 10−2 min−1.
The rate constant is independent of the concentration of the
iron complex (Figure S13), consistent with the intramolecular
nature of the reaction. Performing the reaction in the presence

Scheme 3. Conversion of 2 to 2-OAr

Figure 4. UV−vis spectral changes for the reaction of 2 (0.47 mM;
3.0 mL) + IBX-ester (1 equiv) in CH3CN at 23 °C (left) and plot of
A780 versus time and best fit (red line, right).

Figure 6. Reaction of 2 (1.04 mM) with IBX-ester (1.5 equiv) at
−20 °C, monitored by UV−vis spectroscopy.

Figure 5. Displacement ellipsoid plot (30% probability) of the cation
of 2-OAr at 110(2) K. H atoms were omitted for clarity. Selected bond
distances (in Å): Fe1−N1 1.963(2), Fe1−N2 1.969(3), Fe1−N3
1.966(3), Fe1−N4 1.921(2), Fe1−N5 2.018(2), Fe1−O1 1.814(2).
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of excess IBX-ester (5 equiv) also did not have an effect on the
rate of C−F hydroxylation (rate constant 7.5(±0.1) × 10−2 min−1).
For the C−F hydroxylation reaction mediated by the FeIV(O)
complex 1-O, a first-order rate constant of k1 = 5.13 (±0.06) ×
10−2 min−1 was reported.33 (the rate constant with 5 equiv of
IBX-ester was found to be 8.2 × 10−2 (±0.1) min−1). Thus, the
presence of the methoxy groups in the meta position with
respect to the fluorine substituents in 2 has little effect on the
rate of the C−F hydroxylation reaction.
Synthesis of an ortho-/para-OMe-Substituted FeII

Complex. Observing little effect of the meta-methoxy
substituent on the rate of C−F hydroxylation, we turned our
attention toward preparing an FeII complex of N4Py2Ar3 (L3),
with a methoxy substituent ortho/para to the C−F bonds.
[Fe(N4Py2Ar3)(CH3CN)](ClO4)2 (3) was prepared similarly to
complex 2, from the reaction of L2 with Fe(ClO4)2 in CH3CN.
Complex 3 was characterized by UV−vis (λmax = 373, 460 nm),
1H NMR spectroscopy (paramagnetic spectrum in CD3CN
at 24 °C), and ESIMS (parent ion at m/z 353.5798, calcd
m/z 353.5798 for [FeII(N4Py2Ar3)]2+). The Mössbauer spec-
trum (4.2 K) for a frozen solution of 57Fe-labeled 3 showed the
presence of both hs- and ls-Fe2+ complexes (Figure S21).
C−F Hydroxylation with 3. The reaction of 3 with IBX-

ester at 23 °C (Scheme 4) resulted in an immediate change

(∼2 min) in color from yellow to green with the appearance
of a significantly red-shifted, stable peak at 915 nm (ε =
1010 M−1 cm−1; based on total Fe) (Figure 7). ESIMS analysis
of the final green solution revealed a parent ion at m/z 739.1238,
corresponding to the C−F hydroxylated product with one Cl−

associated [(FeIII(N4PyAr3,Ar3O))(Cl)]+ (calcd m/z 739.1260).
X-band EPR spectra (Figure S19) confirmed the presence of
ls-FeIII [g = (2.37, 2.12, and 1.91)] similar to that of 2-OAr
and other previously reported phenolate-bound FeIII com-
plexes.15,33 A hs-Fe3+ signal was also observed in the EPR
spectrum, which is likely due to the formation of the
([FeIII(N4Py2Ar3)(F)]2+ complex. A peak in the ESIMS at
m/z 761.1274 supported this assignment (calcd m/z for
[FeIII(N4Py2Ar3)(F)(Cl)]+ 761.1279, Figure S11). The observed
UV−vis band at 915 nm for 3-OAr ([FeIII(N4PyAr3,Ar3O)]2+) is
considerably red-shifted compared to that seen for either 1-OAr
(no OMe substitution) or 2-OAr (meta-substituted −OMe).33

A similar red-shift in a phenolate-to-FeIII charge-transfer band
was observed for an FeIII-TPA derivative upon substitution of
an electron-donating methyl group para to the phenolate donor.9

In contrast to the reaction of 2 + IBX-ester, no evidence for

an intermediate FeIV(O) species was observed by UV−vis at
23 °C.

Trapping the FeIV(O) Intermediate (3-O). To trap the
FeIV(O) intermediate, the reaction of 3 + IBX-ester was
performed at −20 °C. UV−vis analysis showed formation of
the 755 nm band associated with FeIV(O) (3-O), but unlike
meta-substituted 2-O, this species was not stable at −20 °C,
converting to the C−F hydroxylated product 3-OAr. Lowering
the temperature further to −35 °C resulted in stabilization
of the 755 nm band (Figure 8). 1H NMR spectroscopy of
the reaction mixture revealed a paramagnetic spectrum with
distinct, relatively sharp peaks at 49, −10, and −25 ppm.
The 1H NMR spectra for 1-O and 2-O at −20 °C also revealed
similar paramagnetically shifted peaks (Figure S6), supporting
the assignment of the ferryl complex 3-O. The presence of the
FeIV(O) complex at −35 °C was further demonstrated by
CSIMS, which revealed a parent ion peak at m/z 362.0802
(calcd m/z for [FeIV(O)(N4Py2Ar3)]2+ 361.5773). Analysis of the
isotope distribution pattern indicated almost an equal proportion
of [FeIV(O)(N4Py2Ar3)]2+ (3-O) and [FeIII(OH)(N4Py2Ar3)]2+

species (Figure S12).
Attempted Mössbauer characterization of 3-O from the

reaction of [57FeII(N4Py2Ar3)(CH3CN)](ClO4)2 + IBX-ester at
−35 °C revealed mostly an FeIII signal and thus was not
successful. The difficulties in trapping 3-O by Mössbauer
spectroscopy are possibly due to a comproportionation reaction
between the initially formed FeIV(O) and unreacted FeII.
The relatively high concentration of FeII required for Mössbauer
analysis and slow kinetics for the reaction between 3 + IBX-ester
at −35 °C both would facilitate the intermolecular reaction
between the FeII and FeIV species. The lower yield for 3-O at
low reaction temperature was also reflected in the lower yield
for 3-OAr that arises when the FeIV(O) species generated at
−35 °C was warmed to room temperature (21 °C), compared
to the yield that was obtained when 3 + IBX-ester was
performed at 21 °C (Figure S23). To minimize the possibility
of FeIV(O) decay, a rapid-freeze-quench technique was applied
for the reaction between 57Fe-labeled 3 + IBX-ester at −5 °C,
and the reaction was probed by time-dependent Mössbauer
spectroscopy (Figure S21). Analysis of the frozen reaction
mixture at early time intervals reveals hs- and ls-FeII signals
from starting material and a new intermediate with parameters
consistent with a low- or intermediate-spin FeII species (formed
within 18 s). These species begin to decay before the appear-
ance of the FeIV(O) species (formed by ∼22 s, and decay by
∼29 s). The new, putative FeII intermediate was not char-
acterized, although a reasonable possibility for its identity is an
FeII(IBX-ester) precursor complex on the way to the FeIV(O)
species. The ferryl complex 3-O exhibited a quadrupole dou-
blet with isomer shift of 0.03 mm/s and quadrupole splitting
of 0.50 mm/s (Figure 8), similar to those observed for com-
plexes 1-O and 2-O, and suggesting that it has a similar elec-
tronic structure.

Kinetic Analysis for 3. Stopped-flow UV−vis spectroscopy
was used to detect the FeIV(O) intermediate and obtain the rate
constant for C−F hydroxylation in the reaction of 3 with IBX-
ester at room temperature (22 °C). Mixing of 3 with IBX-ester
in CH3CN led to the formation of the FeIV(O) (3-O) species
(λmax = 755 nm) within 0.75 s, which then converted to the aryl
hydroxylated complex 3-OAr (λmax = 915 nm) over ∼35 s.
Fitting of the data for the conversion of 3-O to 3-OAr led to a
first-order rate constant of k3 = 8.0(±0.04) min−1 (Figure 7).
This value is significantly higher than the rate constant obtained

Scheme 4. Conversion of 3 to 3-OAr
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for 1-O (∼160-fold increase), as well as for the meta-methoxy-
substituted 2-O (∼120 fold increase). The presence of the
electron-donating −OMe group in the ortho/para position in
relation to the C−F bonds results in a large increase in reaction
rate.
Possible Mechanisms. Two possible pathways for the initial

attack of the iron-bound O atom on the difluorophenyl ring
can be envisioned and are shown in Scheme 5. The mechanism in

Scheme 5A involves electrophilic attack on the arene ring
by FeIV(O). Scheme 5B involves nucleophilic attack by a
one-electron reduced iron(III)-hydroxide intermediate. It is

important to consider this pathway as significant amounts
of FeIII(OH) were seen during the formation of the ferryl
complexes, particularly 2-O and 3-O. The thermal stabilities
and relative rates of C−F hydroxylation for 1-O, 2-O, and 3-O
provide insight into the mechanism of this initial step.
Our mechanistic analysis rests on the assumption that the
reaction proceeds by the same mechanism involving the ferryl
intermediates 1-O, 2-O, and 3-O, which have been trapped and
shown to exhibit similar spectroscopic parameters. These data
in turn suggest that their electronic structures are similar, as can
be expected based on the similarity of the ligands.
Addition of an electron-donating −OMe group to the

ortho/para position relative to the C−F bonds can be expected
to increase the rate of the electrophilic pathway because of its
ability to stabilize the electron-deficient radical intermediate
through resonance delocalization. A decrease in the rate of
the nucleophilic pathway is also expected due to the same
reasoning. In contrast, substitution at the meta position should
have little influence on the rate of either pathway because it is
not in conjugation with either radical or anionic intermediates
(Scheme 5). The lower thermal stability of FeIV(O) and
enhanced reactivity of C−F hydroxylation for the o-/p-OMe-
substituted complex 3, as compared to the unsubstituted 1 and
m-OMe-substituted 2, clearly point to the electrophilic mech-
anism, shown in pathway A. The lack of an effect for the
m-OMe-substitution versus unsubstituted 1 is also consistent
with this conclusion. We propose that the radical intermediate
in Scheme 5A likely gets reduced by one electron, which
can subsequently release fluoride to form the final C−F
hydroxylated product. The source of the reducing equivalent
has not been definitively characterized.

Activation Parameters. Temperature-dependent studies
on the rate-constants (k1, k2, and k3) were performed on
complexes 1−3 to obtain the activation parameters for the
hydroxylation reactions. The plots of ln(k/T) versus 1/T
(Eyring plot) for the conversion of FeIV(O) to FeIII(OAr)
complex (20−45 °C for 1 and 2, 22 to −15 °C for 3) revealed a
linear dependence as shown in Figure S17. Activation parameters
(ΔH⧧ and ΔS⧧) were obtained and are given in Table 2. For the

complexes 1 and 2, although the enthalpic (ΔH⧧) and entropic
contributions (ΔS⧧) of the activation energies show some
differences, the free energies of activation (ΔG⧧) at 298 K are
nearly identical. This similarity is expected given the similar
reaction rates. The observed entropic contributions to the
activation barriers are smaller here compared to bimolecular
reactions involving FeIV(O) complexes7,49,50 and are indicative of
an intramolecular mechanism. Moreover, ΔH⧧ and ΔG⧧ for the
conversion of 1-O to 1-OAr match very well with those values
obtained from previous DFT calculations where an electrophilic

Figure 7. UV−vis spectral changes for 3 (0.2 mM) + IBX-ester
(1.1 equiv) in CH3CN at 23 °C (left). Plot of absorbance at 915 nm
versus time obtained from stopped-flow UV−vis spectroscopy and the
best fit (red line, right).

Figure 8. UV−vis spectral changes for the reaction of 3 (0.99 mM) with
IBX-ester at −35 °C in CH3CN (left). Freeze-quench Mössbauer
spectrum for 3 (5 mM) + IBX-ester at −5 °C in CH3CN/2-methylbutane
after 22 s (right). The species are ls-FeII 3, thick solid black; hs-FeII 3,
dashed black; FeII intermediate, blue; FeIVO intermediate, red; sum of
fitted species, thin black line; Fe(III) products, unfitted.

Scheme 5. Possible Mechanistic Pathways for FeIV(O)-
Mediated Aromatic C−F Hydroxylation

Table 2. Activation Parameters for the FeIV(O)-Mediated
Arene Hydroxylation Reactions for 1-O to 1-OAr and 2 to
2-OAr

1-O to 1-OAr

parameters exptl. DFTa 2-O to 2-OAr 3-O to 3-OAr

ΔH⧧b 17.4(0.4) 16.9 20.5(1.4) 12.0(0.9)
ΔS⧧c −12.7(1.4) −4.9d −3.1(4.6) −14.1(3.2)
ΔG⧧b,e 21.2(0.6) 19.65 21.4(2.0) 16.2(1.3)

The values in the parentheses are the respective errors. aTaken from
ref 33. bIn kcal mol−1. cIn cal mol−1 K−1. dObtained from ΔG⧧ = ΔH⧧

− TΔS⧧ at 298 K. eAt 298 K.
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pathway was proposed (Table 2).33 Analysis of the Eyring plot
for 3-O to 3-OAr revealed that the enthalpic and Gibbs free
energy of activation for the o,p-OMe-substituted complex is
smaller than the other two complexes (1-O and 2-O) by at least
5 kcal/mol. The smaller activation barrier for 3-O is consistent
with the observed reactivity pattern, where 3-O undergoes the
C−F hydroxylation reaction at a faster rate compared to the
rates observed for 1-O and 2-O. These data further support the
assignment of an intramolecular electrophilic pathway for C−F
hydroxylation.
Synthesis of a Terminal FeII(OH) Complex. A final

experiment to eliminate the possibility of nucleophilic attack as
the initial step in C−F hydroxylation (Scheme 5B) involved
the synthesis of an FeII(OH) complex. The complex [FeII(OH)-
(N4Py2Ar1)](ClO4) (4) was prepared from the reaction of
the FeII(CH3CN) complex and NaOH in CH2Cl2 (Scheme 6).

Dark red crystals of 4 were obtained from the layering of
pentane with CH2Cl2. X-ray diffraction analysis of crystals of 4
revealed the presence of a terminal −OH group in the open
site of the 6-coordinate FeII complex (Figure 9). The H atom

attached to the hydroxide was found from difference Fourier
maps. The Fe−N bond lengths (2.167(4)−2.304(4) Å and
2.175(4)−2.300(4) Å for two crystallographically independent
cations) are indicative of a hs-FeII center in 4. The Fe−O bond
distance (1.907(3) and 1.914(3) Å) is consistent with that of
other structurally characterized FeII(OH) complexes.51−53

The FeII(OH) complex 4 is stable both in the solid state as well
as in solution upon redissolving the crystalline solid. No evidence

for C−F hydroxylation was observed even upon prolonged
standing in CH2Cl2. Treatment of the free ligand N4Py

2Ar1 (L1)
with excess NaOH also does not lead to the substitution of
the C−F group. Attempts to prepare analogous FeIII(OH) were
unsuccessful. However, given that a putative FeIII(OH) inter-
mediate (Scheme 5B) should be less nucleophilic than either 4
or free OH−, it can be concluded that the nucleophilic pathway
is not relevant here.

Summary and Conclusions. FeIV(O) complex 1-O
formed during the intramolecular C−F hydroxylation reaction
was isolated at low temperature and characterized by single-
crystal XRD. The crystal structure revealed the expected
FeIV(O) structure along with a nonbonding C−H···O inter-
action between FeIV(O) and CH3CN. The spin ground state of
this complex could not be determined by previous low-field
Mössbauer measurements. Variable-field Mössbauer spectros-
copy, together with DFT calculations, was successful in pro-
viding a definitive assignment of an intermediate-spin (S = 1)
ground state for 1-O.
The hydroxylation of C−F bonds by a nonheme iron(IV)−

oxo complex was unprecedented prior to our initial report,33

and we wanted to establish the role of the FeIV(O) complex in
this process. There are two general mechanisms that can be
envisioned, the first being electrophilic attack of FeIV(O) on
the fluorinated aromatic ring and the second being nucleo-
philic aromatic substitution by an FeIV(O)-derived nucleophile.
We reasoned that if the mechanism followed electrophilic
attack, it would be enhanced by the addition of electron-
donating substituents to the aromatic ring in the appropriate
positions. With this hypothesis in hand, new FeII complexes 2
and 3 were synthesized, which incorporated electron-donating
−OMe substituents in meta (2) or ortho/para (3) positions,
respectively. Both complexes underwent C−F hydroxylation as
seen for 1, and an FeIV(O) intermediate in both cases could be
trapped at low temperature. The meta-substituted FeIV(O)
complex 2-O exhibited similar reaction rates to that of 1-O, but
the rate of C−F hydroxylation for ortho-/para-substituted 3-O
was significantly higher (>100-fold) than that of either 1-O or
2-O. The reactivity pattern for 1-O, 2-O, and 3-O provides
strong evidence that C−F hydroxylation occurs by electrophilic
attack of the FeIV(O) on the arene ring. In addition, the
synthesis and crystallographic characterization of iron(II)−
hydroxide complex [FeII(OH)(N4Py2Ar1)]+ allowed us to
examine the propensity for nucleophilic aromatic substitution
of the internal C−F bonds. This pathway was ruled out because
of the high stability of [FeII(OH)(N4Py2Ar1)]+ and a lack of any
evidence for substitution of the C−F groups by hydroxide.
Aromatic hydroxylation is an important biochemical process

and is mediated by the nonheme iron aromatic amino acid
hydroxylases (TyrH, PheH, and TrpH). Spectroscopic and
biochemical studies have pointed to a high-spin (S = 2)
FeIV(O) as the reactive oxidant, which performs the key electro-
philic attack on the aromatic substrate. Although nonheme iron
model complexes were known to mediate aromatic hydrox-
ylation, the active hydroxylating species could not be identified
in these previous studies, except for a recent example of a
hs-FeIV(O) that undergoes intramolecular arene hydroxyla-
tion.31 In this work we have demonstrated that intermediate-
spin (S = 1) FeIV(O) species are capable of mediating aromatic
hydroxylation, even with inert, electron-deficient C−F sub-
stituents. We have also expanded the set of well-characterized
FeIV(O) species that carry out aromatic hydroxylation with the
synthesis of two new FeIV(O) complexes.

Scheme 6. Synthesis of [FeII(OH)(N4Py2Ar1)](ClO4) (4)

Figure 9. Displacement ellipsoid plot (50% probability) of one of
the two crystallographically independent cations of 4 at 110(2) K.
All H atoms were omitted for clarity (except for H1A1). Selected bond
distances (in Å) for one of the crystallographically independent units:
Fe1−N1A 2.175(4), Fe1−N2A 2.269(4), Fe1−N3A 2.223(4), Fe1−
N4A 2.251(4), Fe1−N5A 2.300(4), Fe1−O1A 1.914(3).
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These results support the conclusion that a triplet FeIV(O) can
carry out challenging oxidations on par with quintet FeIV(O),
provided that the substrate can be positioned properly in the
second coordination sphere. We believe this study also high-
lights the power of synthetic inorganic chemistry to address
fundamental mechanistic questions of biological relevance
through ligand design and trapping of metastable intermediates.
Similar studies regarding electrophilic and nucleophilic reac-
tivity of FeIV(O) intermediates would be very difficult to per-
form directly on an enzymatic system.

■ EXPERIMENTAL SECTION
Materials and Methods. All reagents and chemicals were

purchased from commercial sources and were used without further
purification. The solvents were purified via Pure-Solv Solvent Purification
System from Innovative Technology, Inc. Solvents used for inorganic
reactions involving iron(II) complexes were subjected to additional
purification steps. Acetonitrile was distilled over calcium hydride. All
solvents were degassed by freeze−pump−thaw cycles and stored in a
N2-filled drybox until ready for use. All the reactions were performed
under inert atmosphere (using either standard Schlenk techniques or in a
N2-filled drybox) unless otherwise noted. Bis(6-bromopyridin-2-yl)-
methanone,54 isopropyl 2-iodoxybenzoate (IBX-ester),55 [FeII(N4Py2Ar1)
(CH3CN)](BF4)2/(ClO4)2, and [57FeIV(O)(N4Py2Ar1)](BF4)2

33 were
also prepared according to previously reported procedures.
Instrumentation. UV−visible spectra were recorded on a Varian

Cary 50 Bio spectrophotometer and on an Agilent 5453 diode-array
spectrophotometer. Low-temperature UV−vis experiments were carried
out in a custom-made Schlenk flask fitted with a fiber optical UV−vis
immersion probe (2 mm path length). Stopped-flow experiments
were performed in a HiTech SHU-61SX2 (TgK scientific Ltd.) with
xenon light source. The data was processed using Kinetic Studio
software. Variable-temperature kinetic experiments (Eyring analysis)
were performed on a Cary bio-50 spectrophotometer equipped with a
Unisoku USP-203A cryostat using a 1 cm cuvette. NMR data were
collected on either a Bruker Avance 400 MHz FT-NMR spectrometer
(1H) or a Bruker 300 MHz FT-NMR spectrometer (19F). Electron
paramagnetic resonance (EPR) spectra were obtained on a Bruker EMX
EPR spectrometer controlled with a Bruker ER 041 X G microwave
bridge. The spectrometer was equipped with a continuous-flow liquid
He cryostat and an ITC503 temperature controller made by Oxford
Instruments, Inc. Mössbauer spectra were recorded on spectrometers
from SEECO (Edina, MN). The spectrometer used to acquire the weak-
field spectra of 1-O and 2-O is equipped with a Janis SVT-400 variable-
temperature cryostat. The spectrometer used to acquire the strong-field
spectra of 1-O and 2-O is equipped with a Janis 8TMOSS-OM-12SVT
variable-temperature cryostat. The spectrometer used to acquire the
spectra of 3-O is equipped with a closed-cycle refrigerator system from
Janis Research Co. and SHI (Sumitomo Heavy Industries, Ltd.). The
external magnetic field was applied parallel to the γ beam. All isomer
shifts quoted are relative to the centroid of the spectrum of α-iron metal
at room temperature. Simulation of the Mössbauer spectra was carried
out by using the WMOSS spectral analysis software from SEECO
(www.wmoss.org; Edina, MN). For simulation of spectra in applied
external fields, the commonly used spin-Hamiltonian formalism was used
(eq 1), in which the first three terms represent the electron Zeeman effect
and zero field splitting (ZFS) of the electron-spin ground state, the fourth
term represents the interaction between the electric field gradient and
the nuclear quadrupole moment, the fifth term describes the magnetic
hyperfine interactions of the electronic spin with the 57Fe nucleus, and
the last term represents the 57Fe nuclear Zeeman interaction.
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FAB-MS was obtained using a VG analytical VG-70SE magnetic
sector mass spectrometer. Cryospray-ionization MS (CSI-MS) mea-
surements were performed on a UHR-TOF Bruker Daltonik (Bremen,
Germany) maXis plus, an ESI-quadrupole time-of-flight (qToF) mass
spectrometer capable of resolution of at least 60 000 fwhm, which
was coupled to a Bruker Daltonik Cryospray unit. Detection was in
positive ion mode; the source voltage was 3.8 kV. The flow rates were
280 μL/hour. The drying gas (N2), to aid solvent removal, was held at
−35 °C, and the spray gas was held at −40 °C. The machine was
calibrated prior to every experiment via direct infusion of the Agilent
ESI-TOF low concentration tuning mixture, which provided an
m/z range of singly charged peaks up to 2700 Da in both ion
modes. Elemental analyses were performed by Atlantic Microlab Inc.,
Norcross, GA.

Synthesis of the Ligands. Both ligands L2 (N4Py2Ar2; Ar2 =
−2,6-difluoro-4-methoxyphenyl) and L3 (N4Py2Ar3; Ar3 = −2,6-difluoro-
3-methoxyphenyl) were prepared in a similar synthetic route shown in
Scheme 2.

Bis(6-(2,6-difluoro-4-methoxyphenyl)pyridin-2-yl)methanone.
Amounts of bis(6-bromopyridin-2-yl)methanone (1.2 g, 3.51 mmol),
2,6-difluoro-4-methoxyphenyl boronic acid (1.45 g, 7.72 mmol), and
XPhos-Pd-G2 (166 mg, 0.21 mmol) were taken in a Schlenk flask.
The reagents were dissolved in degassed THF (∼35 mL). Degassed
0.5 M K3PO4 solution in H2O (28 mL) was added to the stirring
solution and the reaction allowed to continue for 72 h at 45 °C. After
cooling the reaction to room temperature, the organic layer was
extracted with Et2O and concentrated in vacuo. The product was
purified by silica gel column chromatography using ethyl acetate/
hexanes as eluent and was obtained as yellow solid (1.08 g, 66%).
1H NMR (CDCl3) δ 8.21 (dd, J = 7.8, 1.1 Hz, 2H), 7.94 (t, J = 7.8 Hz,
2H), 7.64−7.61 (m, 2H), 6.54 (d, J = 9.8 Hz, 4H), 3.82 (s, 6H).
19F NMR (CDCl3, C6F6 reference standard) δ −116.6.

Bis(6-(2,6-difluoro-3-methoxyphenyl)pyridin-2-yl)methanone.
After following the method for bis(6-(2,6-difluoro-4-methoxyphenyl)-
pyridin-2-yl)methanone, utilizing 2,6-difluoro-3-methoxyphenyl bor-
onic acid as the reagent for the Suzuki−Miyaura coupling reaction, the
ketone was isolated as yellow solid (49%). 1H NMR (CDCl3) δ 8.27
(dd, J = 7.9, 1.0 Hz, 2H), 7.99 (t, J = 7.8 Hz, 2H), 7.66 (dd, J = 7.8,
1.2 Hz, 2H), 7.01−6.89 (m, 4H), 3.90 (s, 6H). 19F NMR (CDCl3,
C6F6 reference standard) δ −128.0, −138.2.

Bis(6-(2,6-difluoro-4-methoxyphenyl)pyridin-2-yl)methanamine.
Hydroxylamine hydrochloride (0.24 g, 3.42 mmol) and sodium acetate
(0.28 g, 3.42 mmol) were dissolved in H2O (6 mL) and stirred at
60 °C for 1 h under ambient air conditions. Bis(6-(2,6-difluoro-4-
methoxyphenyl)pyridin-2-yl)methanone (0.8 g, 1.71 mmol) was added
to the solution followed by ethyl alcohol (∼200 mL). The reaction was
stirred at 60 °C for 20 h, at which time the temperature was raised to
80 °C. Amounts of ammonium acetate (0.22 g, 2.91 mmol) and
ammonium hydroxide solution (5.5 mL, 28−30% solution) were
added. After 2 h of stirring, Zn dust (0.50 g, 7.69 mmol) was added in
portions over 10 min. Stirring was continued for another 16 h at
80 °C. After cooling at room temperature, the solution was filtered
through Celite. The filtrate was concentrated in vacuo. The residue
was made basic by NaOH solution and extracted with CH2Cl2.
The organic layer was dried over anhydrous MgSO4 and finally
concentrated in vacuo to obtain bis(6-(2,6-difluoro-4-methoxyphenyl)-
pyridin-2-yl)methanamine as a pale brown-red solid (0.69 g, 86%).
1H NMR (CDCl3) δ 7.67 (t, J = 7.8 Hz, 2H), 7.39 (dd, J = 7.9, 1.0 Hz,
2H), 7.31 (dd, J = 7.8, 1.3 Hz, 2H), 7.60−6.53 (m, 4H), 5.44 (s, 1H),
3.82 (s, 6H), 2.76 (s, 2H).

Bis(6-(2,6-difluoro-3-methoxyphenyl)pyridin-2-yl)methanamine.
Following the procedure described above, the compound was obtained
as brown-orange solid in 96% yield. 1H NMR (CDCl3) δ 7.72 (t, J =
7.8 Hz, 2H), 7.45 (dd, J = 7.9, 1.0 Hz, 2H), 7.34 (dd, J = 7.7, 1.2 Hz,
2H), 6.99−6.93 (m, 4H), 5.47 (s, 1H), 3.90 (s, 6H), 2.48 (s, 2H).

Synthesis of N4Py2Ar2 (L2) and N4Py2Ar3 (L3). Bis(6-(2,6-difluoro-4-
methoxyphenyl)pyridin-2-yl)methanamine (0.14 g, 0.30 mmol) was
taken in CH3CN (30 mL) under ambient conditions. An amount of
2-bromomethylpyridine hydrobromide (0.19 g, 0.75 mmol) was added
to the solution followed by Cs2CO3 (0.58 g, 1.79 mmol) and NaI
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(0.13 g, 0.89 mmol). The reaction was stirred at 60 °C for 72 h. The
solution was filtered through Celite, and the filtrate was concentrated
in vacuo. Ligand L2 was purified by column chromatography on basic
alumina using ethyl acetate/hexanes and was obtained as a yellowish-
brown solid (98 mg, 50%). 1H NMR (CDCl3) δ 8.44 (ddd, J = 4.9,
1.9, 0.9 Hz, 2H), 7.74 (dt, J = 7.9, 1.1 Hz, 2H), 7.67 (t, J = 7.8 Hz,
2H), 7.59−7.50 (m, 4H), 7.30 (dq, J = 7.7, 1.3 Hz, 2H), 7.02 (ddd, J =
7.5, 4.9, 1.2 Hz, 2H), 6.56−6.47 (m, 4H), 5.45 (s, 1H), 4.11 (s, 4H),
3.79 (s, 6H). 19F NMR (CDCl3, C6F6 reference standard) δ −116.4.
FAB-MS for [L2 + H]+ observed m/z 652.23353, calcd m/z
652.23356.
Ligand N4Py2Ar3 (L3) was prepared in the same way as L2 by

alkylating bis(6-(2,6-difluoro-3-methoxyphenyl)pyridin-2-yl)-
methanamine (0.65 g, 1.38 mmol) and was obtained as a yellow
solid (60%). 1H NMR (CDCl3) δ 8.44 (ddd, J = 4.9, 1.9, 0.9 Hz, 2H),
7.74−7.61 (m, 6H), 7.51 (td, J = 7.7, 1.8 Hz, 2H), 7.33 (dq, J = 7.3,
1.3 Hz, 2H), 7.01 (ddd, J = 7.5, 4.9, 1.2 Hz, 2H), 6.92−6.80 (m, 4H),
5.50 (s, 1H), 4.14 (s, 4H), 3.81 (s, 6H). 19F NMR (CDCl3, C6F6
reference standard) δ −127.6, −138.1. FAB-MS for [L3 + H]+

observed m/z 652.23399, calcd m/z 652.23356.
Synthesis of 2 and 3. An amount of N4Py2Ar2 (L2, 150 mg, 0.23

mmol) was dissolved in CH3CN (10 mL), and Fe(ClO4)2·6H2O
(84 mg, 0.23 mmol) was added. The reaction was stirred for 3 h, and
the solvent was removed in vacuo. The residue was redissolved in
CH3CN (4 mL) and filtered through Celite. Vapor diffusion of Et2O
into the CH3CN solution yielded dark brown-red crystals of
[FeII(N4Py2Ar2)(CH3CN)](ClO4)2 (2) along with some brown-red
precipitate. The crystals were collected, and a second crystallization
(CH3CN/Et2O) was performed with the precipitate. A second batch
of crystals of 2 was obtained in a few days. Combined yield: 140 mg
(71%). UV−vis (CH3CN, 23 °C) λmax 460 nm (ε = 2420 M−1 cm−1),
370 nm (ε = 3260 M−1 cm−1). ESI-MS observed m/z 353.5795
(calcd m/z for [Fe(N4Py2Ar2)]2+ 353.5798). 1H NMR (CD3CN, TMS
reference standard) δ 100.3, 80.8, 64.8, 38.5, 37.1, 36.4, 30.2, 22.4, 6.7,
6.0, 4.7, 3.8, 2.1, −1.4.
Complex [FeII(N4Py2Ar3)(CH3CN)](ClO4)2 (3) was prepared via a

method similar to that used to obtain 2, using N4Py2Ar3 (L3, 250 mg,
0.38 mmol) and Fe(ClO4)2·6H2O (140 mg, 0.38 mmol). Complex 3
was obtained as a brown-red powder (260 mg, 72%). UV−vis
(CH3CN, 23 °C) λmax 460 nm (ε = 2330 M−1 cm−1), 373 nm (ε =
2850 M−1 cm−1). ESI-MS observed m/z 353.5798 (calcd m/z for
[Fe(N4Py2Ar3)]2+ 353.5798). 1H NMR (CD3CN, TMS reference
standard) δ 74.8, 60.5, 49.0, 30.8, 29.5, 28.8, 24.2, 18.4, 8.1, 8.0, 5.0,
4.6, 4.1, 2.7, 2.1, 1.8.
[FeII(N4Py2Ar1)(OH)](ClO4) (4). FeII complex [FeII(N4Py2Ar1)-

(CH3CN)](ClO4)2 (87.7 mg; 0.099 mmol) was dissolved in CH2Cl2
(4 mL), and NaOH (aqueous, 79 μL, 20% w/v) was added under Ar
atmosphere. The reaction mixture was stirred for 1 h, and the color of
the solution changed from pale yellow to dark red. The volatiles
were removed in vacuo, and the red residue was redissolved in
CH2Cl2 (3 mL). The solution was filtered through Celite, and layer-
ing of pentane over the CH2Cl2 solution yielded red crystals of
[FeII(N4Py2Ar1)(OH)](ClO4)·H2O (4·H2O, 47 mg, 61%). 1H NMR
(CD2Cl2, TMS reference standard) δ 153.7, 98.9, 58.6, 54.0, 45.7,
44.8, 34.6, 31.0, 30.5, 27.0, 25.0, 8.2. UV−vis (CH2Cl2 under N2)
λmax = 436 nm, 538 nm. Elemental Anal. (calcd for C35H28ClO6F4FeN5,
4·H2O) C, 53.76, H, 3.61, N, 8.96; found: C, 53.66, H, 3.55, N, 8.92.
Generation of 2-O and 3-O: UV−Vis Spectroscopy. An

amount of complex 2 or 3 in CH3CN (1.04 mM for 2 and
0.99 mM for 3) was taken in a custom-made Schlenk flask fitted with a
UV−vis dip-probe. The setup was cooled to −20 °C (−35 °C for 3).
After recording the initial UV−vis spectrum for the starting FeII

complex, IBX-ester (1.5 equiv for 2 and 3.0 equiv for 3) was added to
the solution, and the changes in the UV−vis spectra were recorded.
Freeze-Quench Mössbauer for 3 + IBX-ester. Freeze-

quenching of 57Fe-enriched samples of 3 was carried out using a
custom quench system. Samples of 3 dissolved in acetonitrile (7.5 mM
in 57Fe) were mixed anaerobically with IBX-ester (75 mM in aceto-
nitrile) using gas-tight Hamilton syringes with 2:1 mixing in order that
the complexes had a final concentration of 5 mM. IBX-ester (5 equiv)

was mixed with complex 3 at −5 °C. The reaction temperature was
kept constant using a DC10-K10 Haake water circulator. Samples were
manually ejected and frozen in an 2-methylbutane bath kept below
−135 °C using liquid nitrogen.

Kinetic Studies. Rate Constant for 2-O to 2-OAr (k2). In a typical
experiment, reaction of IBX-ester with complex 2 in CH3CN was
followed by UV−vis spectroscopy. Addition of IBX-ester resulted in
rapid decay of the FeII peaks (370 and 460 nm) along with the
concomitant formation of the FeIV(O) species 2-O (750 nm). The
kinetics of the reaction was followed after the full conversion of the
750 nm peak (t = 0). The 750 nm peak was subsequently converted
into a more intense peak at 780 nm, corresponding to 2-OAr.
The absorbance at 780 nm was plotted versus time, and the fitting of
the data with the first-order rate equation (Abst = Absf + (Abs0 − Absf)
exp(−kt); Abst = absorbance at time t; Absf = final absorbance at the
end of the reaction; Abs0 = initial absorbance at t = 0) provided the
rate constant (k2) for the C−F hydroxylation reaction.

Rate Constant for 3-O to 3-OAr (k3). In a single-mixing
experiment, complex 3 in CH3CN was reacted with IBX-ester
(5 equiv), taken in CH3CN at 22 °C. Complete decay of the
FeII peak (460 nm) and the formation of the FeIV(O) (755 nm) was
observed within 0.75 s. Subsequent formation of the 915 nm peak
(corresponding to 3-OAr) was plotted versus time and fitted with
first-order rate equation (Abst = Absf + (Abs0 − Absf) exp(−kt)) to
obtain the rate constant (k3).

X-ray Crystallography. All reflection intensities were measured at
110(2) K using a SuperNova diffractometer (equipped with Atlas
detector) with Cu Kα radiation (λ = 1.54178 Å) under the program
CrysAlisPro (Version 1.171.36.32 Agilent Technologies, 2013).
The program CrysAlisPro (Version 1.171.36.32 Agilent Technologies,
2013) was used to refine the cell dimensions and for data reduction.
The structure was solved with the program SHELXS-2013 (Sheldrick,
2013) and was refined on F2 with SHELXL-2013 (Sheldrick, 2013).
Analytical numeric absorption corrections based on a multifaceted
crystal model were applied using CrysAlisPro (Version 1.171.36.32 or
1.171.37.27t, Agilent Technologies, 2013). The temperature of the
data collection was controlled using the system Cryojet (manufactured
by Oxford Instruments). The H atoms were placed at calculated
positions (unless otherwise specified) using the instructions AFIX 13,
AFIX 23, AFIX 43, or AFIX 137 with isotropic displacement
parameters having values 1.2 or 1.5 times Ueq of the attached
C atoms. For 1-O, the coordinates of the H atoms attached to C1S
(from CH3CN) were refined freely, and the C−H bonds were
restrained to be 0.98(3) Å using the DFIX instruction. For 4, the H
atoms attached to O1A/O1B (coordinated OH−) and O1W/O2W
(lattice water molecules) were approximately located from difference
Fourier maps, and the coordinates were refined freely. The O−H and
H···H distances (water molecules only) were restrained within
reasonable ranges using the DFIX instructions.

[FeIV(O)(N4Py2Ar1)](BF4)2 (1-O). Before the last set of refinement
cycles, the occupancy factor for O1 was refined freely using a free
variable. Its refined value was 1.009(6), which proves that the O2− site
is fully occupied. In the final refinement, the occupancy factor for
O1 was set to 1. The Fe1−O1 distance refines to 1.6600(16).
The structure is mostly ordered. However, one of the two crystal-
lographically independent BF4

− counterions is found to be disordered
over two orientations, and the occupancy factor of the major
component of the disorder refines to 0.565(9). Chemical formula =
C35H25F4FeN5O·2(BF4)·C2H3N, Fw = 878.12, small yellow block,
crystal size =0.092 × 0.050 × 0.045 mm3, monoclinic, P21/c (no. 14),
a = 11.7881(2), b = 16.3973(2), and c = 19.7780(3) Å, β =
105.5388(18)°, V = 3683.22(10) Å3, Z = 4, Dx = 1.584 g cm−3, μ =
4.208 mm−1, Tmin−Tmax: 0.736−0.863. A total of 47 739 reflections
were measured up to a resolution of (sin θ/λ)max = 0.62 Å−1. A total of
7232 reflections were unique (Rint = 0.0584), of which 6017 were
observed [I > 2σ(I)]. A total of 581 parameters were refined using 151
restraints. R1/wR2 [I > 2σ(I)]: 0.0379/0.0907. R1/wR2 [all refln]:
0.0499/0.0978. S = 1.024. Residual electron density was found to be
between −0.44 and 0.62 e Å−3.
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[FeII(N4Py2Ar1)(CH3CN)](ClO4)2 (2). The structure is mostly ordered.
The two crystallographically independent ClO4

− counterions are found
to be disordered over two orientations, and the occupancy factors of the
major components of the disorder refine to 0.54(5) and 0.588(19).
Chemical formula = C39H32F4FeN6O2·2(ClO4), Fw = 947.45, orange-
red lath, crystal size =0.39 × 0.13 × 0.05 mm3, monoclinic, P21/n
(no. 14), a = 12.6196(3), b = 20.6085(5), and c = 14.9361(3) Å,
β = 96.679(2)°, V = 3858.08(15) Å3, Z = 4, Dx = 1.631 g cm−3,
μ = 5.192 mm−1, Tmin−Tmax: 0.290−0.823. A total of 25 214 reflections
were measured up to a resolution of (sin θ/λ)max = 0.62 Å−1. A total of
7568 reflections were unique (Rint = 0.0445), of which 6270 were
observed [I > 2σ(I)]. A total of 636 parameters were refined using
278 restraints. R1/wR2 [I > 2σ(I)]: 0.0393/0.0939. R1/wR2
[all refln]: 0.0521/0.1022. S = 1.014. Residual electron density was
found to be between −0.40 and 0.49 e Å−3.
[FeIII(N4PyAr2,Ar2O)](ClO4)2 (2-OAr). The structure is significantly

disordered (except for the Fe complex which is ordered).
All perchlorate counterions are found to be significantly disordered
as they are found at special positions, i.e., at sites of either mirror or
2-fold axial symmetries. The sum of all occupancies factors of the
components of the disorder is restrained to be 2 using the SUMP
instruction. The two methoxy groups of the Fe complex are also
disordered over two orientations, and the occupancy factors of the
major components of the disordered refine to 0.791(9) and 0.545(10).
One lattice CH3CN solvent molecule is found at sites of 2-fold axial
symmetry, and its occupancy must be 0.5. The crystal lattice also
contains some unresolved residual electron density, which most likely
corresponds to some heavily disordered lattice solvent molecules.
Their contribution has been taken out in the final refinement
(SQUEEZE details are provided in the CIF file, Spek, 2009). Chemical
formula = (C37H29F3FeN5O3)·2(ClO4)·0.5C2H3N, Fw = 923.93, crystal
size =0.23 × 0.18 × 0.13 mm3, monoclinic, I2/m, a = 11.6550(2), b =
26.4005(6), and c = 28.4632 (5) Å, β = 91.2677 (15)°, V = 8755.9 (3)
Å3, Z = 4, Dx = 1.402 g cm−3, μ = 4.54 mm−1, Tmin−Tmax: 0.527−0.690.
A total of 36 960 reflections were measured up to a resolution of
(sin θ/λ)max = 0.616 Å−1. A total of 8791 reflections were unique
(Rint = 0.041), of which 7375 were observed [I > 2σ(I)]. A total of 934
parameters were refined using 1531 restraints. R1/wR2 [I > 2σ(I)]:
0.0576/0.1669. R1/wR2 [all refln]: 0.0679/0.1771. S = 1.03 e Å−3.
[FeII(N4Py2Ar1)(OH)](ClO4) (4). Before the last set of refinement

cycles, the occupancy factors for O1A and O1B were refined freely as
O atoms using free variables, and their refined values were 0.960(12)
and 1.052(12). When refined as F atoms, their refined values were
0.797(10) and 0.875(10). Consequently, the sites O1A and O1B are
unambiguously occupied by coordinated OH− and not F−. In the final
refinement, the occupancy factors for O1A and OAB were set to 1.
The structure is mostly ordered. The two crystallographically inde-
pendent perchlorate counterions are found to be disordered over two
or three orientations (all occupancy factors are provided in the CIF
file). The crystal that was mounted on the diffractometer was non-
merohedrally twinned, and the two twin components are related by a
2-fold axis along the direct space vector [1 0 0]. The BASF scale factor
refines to 0.4628(11). The structure was solved and refined in the
noncentrosymmetric space group P21. The absolute configuration was
established by anomalous-dispersion effects in diffraction measure-
ments on the crystal. The Flack parameter refines to −0.005(2).
Chemical formula = C35H26F4FeN5O·ClO4·H2O, Fw = 781.92, dark
red block, crystal size =0.38 × 0.34 × 0.19 mm3, monoclinic, P21
(no. 4), a = 14.4312(4), b = 12.8954(3), and c = 18.3009(5) Å,
β = 92.161(2)°, V = 3403.30(15) Å3, Z = 4, Dx = 1.526 g cm−3,
μ = 4.946 mm−1, abs. corr. range: 0.255−0.511. A total of 22 245
reflections were measured up to a resolution of (sin θ/λ)max =
0.62 Å−1. A total of 12 531 reflections were unique (Rint = 0.0165), of
which 12 165 were observed [I > 2σ(I)]. A total of 1077 parameters
were refined using 584 restraints. R1/wR2 [I > 2σ(I)]: 0.0332/0.0904.
R1/wR2 [all refln]: 0.0340/0.0909. S = 1.018. Residual electron
density was found to be between −0.37 and 0.85 e Å−3.
Computations. All computations were carried out using ORCA

version 3.0.2.56 Geometry optimization of the ferryl complex was
begun from the crystal structure coordinates and employed the BP86

functional57,58 and def2-TZVP basis set59 on all atoms except Fe,
which had the expanded CP(PPP) basis set60 and an increased inte-
gration accuracy. Solvation was simulated using the conductorlike
screening model (COSMO)61 in an infinite dielectric, while dispersion
corrections were included using Grimme’s correction.62 Spectroscopic
parameters were calculated using these optimized coordinates. Isomer
shift and quadrupole splitting parameters were calculated at the same
level of theory using a calibration procedure similar to that reported
in ref 63 (see Supporting Information for additional details), while
hyperfine coupling tensors were calculated as described previously.63

Optimized coordinates and sample input files for all calculations are
included in the Supporting Information.
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