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17 ABSTRACT: The reaction of [(PyNMe3)Fe
II(CF3SO3)2], 1, with excess peracetic acid

18 at −40 °C generates a highly reactive intermediate, 2b(PAA), that has the fastest rate to
19 date for oxidizing cyclohexane by a nonheme iron species. It exhibits an intense 490 nm
20 chromophore associated with an S = 1/2 EPR signal having g-values at 2.07, 2.01, and
21 1.94. This species was shown to be in a fast equilibrium with a second S = 1/2 species,
22 2a(PAA), assigned to a low-spin acylperoxoiron(III) center. Unfortunately,
23 contaminants accompanying the 2(PAA) samples prevented determination of the
24 iron oxidation state by Mössbauer spectroscopy. Use of MeO-PyNMe3 (an electron-
25 enriched version of PyNMe3) and cyclohexyl peroxycarboxylic acid as oxidant affords
26 intermediate 3b(CPCA) with a Mössbauer isomer shift δ = −0.08 mm/s that indicates an iron(V) oxidation state. Analysis of the
27 Mössbauer and EPR spectra, combined with DFT studies, demonstrates that the electronic ground state of 3b(CPCA) is best
28 described as a quantum mechanical mixture of [(MeO-PyNMe3)Fe

V(O)(OC(O)R)]2+ (∼75%) with some FeIV(O)(•OC(O)R)
29 and FeIII(OOC(O)R) character. DFT studies of 3b(CPCA) reveal that the unbound oxygen of the carboxylate ligand, O2, is only
30 2.04 Å away from the oxo group, O1, corresponding to a Wiberg bond order for the O1−O2 bond of 0.35. This unusual
31 geometry facilitates reversible O1−O2 bond formation and cleavage and accounts for the high reactivity of the intermediate
32 when compared to the rates of hydrogen atom transfer and oxygen atom transfer reactions of FeIII(OC(O)R) ferric acyl
33 peroxides and FeIV(O) complexes. The interaction of O2 with O1 leads to a significant downshift of the Fe−O1 Raman
34 frequency (815 cm−1) relative to the 903 cm−1 value predicted for the hypothetical [(MeO-PyNMe3)Fe

V(O)(NCMe)]3+

35 complex.

36 ■ INTRODUCTION

37 High-valent oxoiron species are nature’s tool for functionalizing
38 inert molecules such as aliphatic C−H bonds.1−6 Oxoiron(IV)
39 species have been identified as the C−H cleaving agents in
40 several mono- and dinuclear nonheme iron enzymes.7−9

41 Parallel efforts with oxoiron(IV) synthetic models of these
42 enzymes have shown that they can break strong C−H bonds,
43 although at reaction rates that still fall short when compared
44 with enzymatic systems.10−13 Higher oxidation states are
45 accessed in many cytochrome P450s and peroxidases via a
46 species known as compound I that is best described as an
47 oxoiron(IV)−porphyrin cation radical.14 Oxoiron(V) species
48 have been proposed as the reactive intermediate in the catalytic

49cycle of Rieske oxygenase enzymes,15−17 although direct
50detection of this species has not been reported. Synthetic
51 s1nonheme oxoiron(V) compounds are rare (Scheme 1).
52Tetraamido macrocyclic ligands (TAML) have for the first
53time allowed the stabilization, spectroscopic characterization,
54and reactivity analysis of an oxoiron(V) species,18−23 and only
55recently has an oxoiron(V) imido complex been described.24

56[(L)FeV(O)(R)] (L = neutral polyamine ligand, R = OH or
57O2CR) species have been proposed to be reactive intermediates
58in the oxidation of hydrocarbons.25−28 Their implication in
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59 these reactions has been deduced based on indirect evidence
60 such as product analyses with substrate probes and isotope
61 labeling and by computational methods.29−31 In addition, such
62 oxoiron(V) species have been detected in trace quantities by
63 cryospray mass-spectrometry32−34 or by EPR,34−36 but no
64 definitive characterization has been reported. In some instances,
65 claimed FeV species have been shown37 or reinterpreted to be
66 ferric species.37,38

67 Putative [(L)FeV(O)(O2CR)]
2+ intermediates (where L

68 stands for a neutral tetradentate aminopyridine ligand) are of
69 interest because there is mounting evidence that they perform
70 the stereoretentive hydroxylation of aliphatic C−H bonds, a
71 distinctively difficult but powerful reaction in organic synthesis
72 and biology.39,40 Stereospecific hydroxylation entails two
73 difficult steps. The first is the breakage of a strong C−H
74 bond, usually considered inert toward common organic
75 reagents, via a fast hydrogen atom transfer reaction, creating
76 a carbon-centered radical. In a second step, this extremely
77 short-lived radical reacts with the hydroxyl ligand, avoiding
78 escape into the solvent.41,42

79 We have recently described the generation of a highly
80 reactive S = 1/2 species (called 2b by Serrano-Plana et al.43)
81 from the reaction of [(PyNMe3)Fe

II(CF3SO3)2], 1, with
s2 82 peracetic acid (PAA) at cryogenic temperatures (Scheme
s2 83 2).43,44 Species 2b has g-values at 2.07, 2.01, and 1.94 that

84are difficult to reconcile with a low-spin ferric assignment;
85spectral simulation of the signal showed that it accumulated to
86approximately 40% of the iron in the sample. EPR also
87indicated that this species is in fast equilibrium with S = 1/2
88species 2a (∼5% of the Fe). On the basis of its g-values at 2.20,
892.19, and 1.99, species 2a was assigned as [(PyNMe3)Fe

III(κ2-
90OOAc)]2+. Product analysis, EPR, and mass spectrometry
91experiments initially led us to formulate 2b as [(PyNMe3)-
92FeV(O)(OAc)]2+. The Fe(V) species described in this work
93differs from those with tetraanionic tetraamido ligands such as
94TAML in having a neutral supporting ligand, which leads to the
95observation of extraordinary oxidation reactivity. Compound 2b
96oxidizes hydrocarbons at a record fast rate among synthetic
97nonheme iron systems and reproduces the reactivity of P450
98compound I in terms of reaction rates and stereospecificity.
99Because of the presence of at least six other paramagnetic
100species in the reaction mixture, the Mössbauer spectra of 2b,
101crucial for the assignment of its oxidation state, could not be
102identified.
103Herein, we describe critical improvements that have enabled
104a full spectroscopic and computational characterization of the
105complex of interest. By replacing the PyNMe3 ligand with the
106electron-enriched version MeO-PyNMe3 and using cyclohexyl
107peroxycarboxylic acid (CPCA) as the oxidant, we were able to
108generate the corresponding species in nearly 50% yield. Our
109combined spectroscopic and DFT analysis suggests an
110unprecedented electronic structure for a high-valent iron
111complex, which in turn provides insight into its unique
112reactivity.

113■ RESULTS
114The spectral properties of the intermediate of interest depend
115 t1on the combination of ligand/oxidant (Table 1). Below we use
116the following designations: 2 for PyNMe3 and 3 for MeO-
117PyNMe3 complexes. The oxidant used is indicated in
118parentheses, e.g., 2(PAA), 3(CPCA), 3(PNA), etc. The UV−
119 f1vis absorption spectrum of 3(CPCA) shown in Figure 1 shows
120two principal absorption features in the visible region, a more
121intense feature with λmax = 520 nm and a weaker band near 700
122nm. These features are blue-shifted in 2(CPCA) upon changing
123the supporting ligand from MeO-PyNMe3 to PyNMe3 (Table
1241). Comparison among complexes in the 3 series shows that
125the nature of the R group on the peracid also affects the
126observed absorption maxima slightly.
127EPR Results. Intermediates 2 and 3 exhibit S = 1/2 EPR
128signals that represent two subspecies a and b, which are present
129in different ratios depending on the supporting ligand and are
130involved in a fast equilibrium (Table 1). Subspecies a has a low-
131spin FeIII center, whereas b, as shown below, is predominantly
132FeV. The main text focuses on 3b(CPCA), while corresponding
133results for 2b(CPCA) are presented in the SI. The subspecies
134of 2(PAA), 2(CPCA), and 2(PNA) occur in the ratio [b]/[a]
135≈ 8−10:1, while subspecies a is almost absent (<2% of total
136 f2Fe) in 3(CPCA). Figure 2 shows X-band spectra of 3(CPCA)
137containing 57Fe in natural abundance (2.2%, panel A) and
138enriched to 95% (panel B). Unenriched 3(CPCA) exhibits an S
139= 1/2 EPR signal with g-values at 2.07, 2.01, and 1.94, the same
140g-values as reported for 2b(PAA).43 This signal is thus
141associated with 3b(CPCA). The low-spin FeIII species
1423a(CPCA) was essentially absent in the sample; i.e., by spectral
143simulations we found [3b(CPCA)]/[3a(CPCA)] ≈ 50:1,
144which greatly simplifies the Mössbauer analysis as the features
145of 3a(CPCA) represent only 1% of the iron in the Mössbauer

Scheme 1. Spectroscopically Characterized Oxoiron(V)
Complexes

Scheme 2. Proposed Intermediates Formed in the Reactions
of 1 and 1′ with Various Peracids (PAA = Peracetic Acid,
CPCA = Cyclohexyl Peroxyacid, PNA = Pernonanoic Acid
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146 spectrum (the Mössbauer spectrum of 2a(CPCA) is hidden
147 under the features of 2b(CPCA); see section III of the SI).
148 Importantly, samples of 3b(CPCA) were free of other S = 1/2
149 species but contained various high-spin FeIII species (EPR
150 spectra are shown in Figures S19−22).
151 The spectra of 3b(CPCA) are described with the S = 1/2
152 spin Hamiltonian

β̂ = ̂ + ̂ ̂ + ̂ + ̂H H HSgB SAI Q Z153 (1)

η̂ = ̂ − + ̂ − ̂⎡
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β̂ = − ̂H g BIZ n n155 (1b)

156 where A is the 57Fe magnetic hyperfine tensor, ĤZ describes the
157

57Fe nuclear Zeeman interaction, and ĤQ describes the
158 interaction of the electric field gradient (EFG) tensor with
159 the 57Fe nuclear quadrupole moment, Q, of the nuclear excited
160 state; η = (Vxx − Vyy)/Vzz is the asymmetry parameter. The x
161 axis was chosen to be along gmid = gx = 2.01; this choice will be
162 convenient for the presentation of the DFT results and for
163 comparison with published data of FeIVO complexes for
164 which the z axis is generally chosen to be along the FeO
165 bond. Because g is nearly isotropic the Mössbauer data do not
166 convey information about the orientations of the A- and EFG-
167 tensors relative to g, and we thus assumed that g and A are
168 collinear for the simulations of the Mössbauer spectra. The line
169 widths (fwhm) of the gx = 2.01 and gy = 2.07 features are about
170 1.7 mT, while the width of the gz = 1.94 feature is 4.3 mT. Most

171probably, the broadening of the gz feature results from a
172conformational heterogeneity that affects, for reasons presently
173not understood, essentially gz. DFT calculations, described
174below, show that unresolved 14N hyperfine interactions of the
175four nitrogen donors of MeO-PyNMe3 are too small to be
176responsible for the broadening.
177When 3b(CPCA) is enriched with 57Fe its gmid = 2.01 feature
178is split into a doublet corresponding to |Ag=2.01| = 57 MHz. The
17957-MHz value seemed to be somewhat at odds with the
180Mössbauer analysis which yielded Ax′ = −62 MHz (see below),
181but the differences could be reconciled by allowing that Ag=2.01
182extracted from EPR is not a principal axis value. By assuming
183that the g and A tensors have a common z-axis and allowing a
184rotation of 20° around z, the splitting at gmid = gx′ could be
185simulated for Ax = 62 MHz. Approximately consistent with this
186result, the DFT solution presented below yields α = 26°. Our
187simulations suggest that the signals at the other two g values

Table 1. Comparison of Some Spectroscopic Properties of Complexes 2 and 3

Samples UV−vis data λmax (nm) Raman data (cm‑1)a (815/829 intensity ratio) [18O-PNA data] g = 2.07/g = 2.7 signal intensity ratio

2(PAA) 490, 680 815/829 (8:1)(exc 561 nm) 8:1 (EPR)43

2(CPCA) 504, 685 815/829 (8:1) (exc 561 nm) 11:1 (EPR) 7:1 (Mössbauer)
2(PNA) 496, 685 815 [783]c/829 [?]b (11:1) (exc 515 nm) 9:1 (EPR) 10:1 (Mössbauer)
3(PAA) 508, 683 812/820 Fermi doublet 829 not obsvd (exc 515 nm) N/A
3(CPCA) 520, 700 812/820 Fermi doublet 829 not obsvd (exc 515 nm) 50:1 (EPR)
3(PNA) 512, 685 813/821 Fermi doublet [784]b 829 not obsvd (exc 515 nm) 40:1 (EPR)

aEntries in square brackets correspond to data obtained with 18O-PNA. bWhile the 771 cm−1 peak is observed in the spectra of 2(18O-PNA) and
3(18O-PNA), the 829 cm−1 peak is not observed in 3(16O-PNA). Therefore, it cannot be connected to the 829 cm−1 peak.

Figure 1. UV−vis spectra of [(MeO-PyNMe3)Fe
V(O)(OC(O)cy)]2+,

3(CPCA), in 3:1 acetone/MeCN in a 1 cm cuvette. Solid lines show
progressive formation of 3(CPCA) upon addition of 10 equiv of
CPCA to 0.5 mM [(MeO-PyNMe3)Fe

II(CF3SO3)2] at −60 °C. ε(λmax
= 520 nm) ≈ 7500 M−1 cm−1. The bands at 520 and 700 nm increase
monotonically over 200 s upon addition of CPCA.

Figure 2. X-band EPR spectra of 3b(CPCA) recorded at T = 15 K.
Samples were prepared by adding 10 equiv of CPCA to a 1 mM
solution of [(MeO-PyNMe3)Fe

II(CF3SO3)2] at −70 °C. (A) 57Fe in
natural abundance (2.2%); full scan and low field region are shown in
Figures S19 and S20. (B) Spectrum of 3b(CPCA) 95% enriched with
57Fe. The red lines are SpinCount simulations for gx = 2.010, gy =
2.067, gz = 1.941. For the line shapes it was assumed that the g-values
have a Gaussian distribution with σ(gx) = 0.00, σ(gy) = 0.002, and
σ(gz) = 0.010; 0.45 mT packet width. The spectrum of the enriched
sample was simulated with the same g-values and line width
parameters, adding a 57Fe magnetic hyperfine interaction term. The
results are listed in Table 2. Instrumental conditions: (A) 0.2 mW, (B)
0.002 mW, microwave power (change of microwave power is
accidental, not dictated by saturation considerations); 0.3 mT,
modulation amplitude for both.
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188 have much smaller A-values (Ay ≈ −8(4) MHz and Az ≈ −9(3)
189 MHz, with the signs determined from the Mössbauer analysis).
190 The S = 1/2 center of 3b(CPCA) thus exhibits quite a large A
191 tensor anisotropy. As expected, the gmid splitting can be
192 simulated as well by rotating A by 30° around y.
193 Our aim is to determine the nature and the Fe oxidation state
194 of 3b(CPCA). As considered for other κ2-acylperoxoiron(III)
195 intermediates proposed for bioinspired iron catalysts,37,45 the
196 obvious candidates are the three isoelectronic S = 1/2 states
197 [(MeO-PyNMe3)Fe

III(κ2-OOC(O)cy)]2+, [(MeO-PyNMe3)-
198 FeIV(O)(•OC(O)cy)]2+ and [(MeO-PyNMe3)Fe

V(O)-(OC-
199 (O)cy)]2+. Of these three options, the proposed FeIVO/
200 carboxyl radical species would be inconsistent with the
201 observed A tensor anisotropy observed by EPR and Mössbauer
202 spectroscopy (see below) as an axial A tensor with two large
203 components and one small one (along the Fe−O bond) would
204 be expected for the dxy

2dxz
1dyz

1 configuration of the FeIVO
205 unit, as observed for all S = 1 FeIVO complexes reported thus
206 far.46,47 On the other hand, an FeVO complex would exhibit
207 an A tensor with only one large (along x if the α-HOMO is dyz)
208 and two small components (y and z), reflecting an electronic
209 structure with one unpaired electron in one of the d-orbitals, as
210 reported and analyzed for [(TAML)FeV(O)]− and [(TMC)-
211 (O)FeV(NR)]+.18,24

212 By obtaining UV−vis spectra of 3b(CPCA) solutions and
213 quantifying the spin concentrations of the same samples, the
214 extinction coefficient ε520 of 3b(CPCA) can be determined. For
215 two samples of 3b(CPCA) containing 0.5 mM Fe (UV−vis
216 spectrum shown in Figure 1), we obtained 0.223 and 0.245 mM
217 spins. Based on the average of 0.234 mM, we conclude that
218 3b(CPCA) in these samples represents 47% of the iron in the
219 sample, in excellent agreement with the Mössbauer result (48%,

f3 220 see Figure 3), with an ε520 value ∼7500 M−1cm−1. The
221 uncertainties for the quoted ε are estimated to be ±15%. Note
222 that we reported an ε490 of ∼4500 M−1cm−1 for 2b(PAA),43 a
223 value that we have confirmed in this study, suggesting that the
224 introduction of a 4-methoxy substituent on the pyridine of the
225 supporting ligand of 3b(CPCA) can result in a higher
226 extinction coefficient. The implications of this observation
227 will be discussed in a later section.
228 Mössbauer Studies. Figure 3A shows a 4.2 K Mössbauer
229 spectrum of a sample containing 3b(CPCA). The spectrum was
230 recorded in a parallel field of B = 7.0 T; spectra recorded for B

f4 231 = 2.0 and 4.0 T are shown in Figure 4. The feature outlined in
232 magenta represents high-spin (S = 5/2) FeIII contaminants (at
233 least four species) accounting for ca. 42% of the Fe in the
234 sample. X-band EPR (see section II of the SI) revealed a major
235 component with D ≈ 0.7 cm−1 and E/D ≈ 0.16 representing
236 about 70% of the high-spin (HS) FeIII; D and E/D are the
237 commonly used zero-field splitting parameters. The SI
238 describes our understanding of the HS ferric components (in
239 particular see Table S4). A 7.0-T Mössbauer spectrum of a
240 decayed sample of 2b(PNA) showing mainly HS ferric
241 components is also included (Figure S45).
242 In the Mössbauer spectra of Figures 3 and 4, species
243 3b(CPCA) absorbs in the velocity range −3 mm/s < v < +2.5
244 mm/s. This range contains two contaminant lines from the
245 high-spin FeIII species (magenta curve in Figure 3A). Because
246 the D values are small, the B = 7.0 T spectra of the FeIII

247 components are independent of D and E/D. Importantly, the
248 intensities and positions of the two contaminant lines in
249 question are known once the positions and shapes of the outer
250 lines are determined. The outermost lines in Figure 3A result

Figure 3. (A) Mössbauer spectrum of 3b(CPCA) obtained at 4.2 K
for B = 7.0 T, applied parallel to the observed γ rays (57Fe
concentration 1 mM). The magenta curve represents a spectral
simulation for the HS FeIII contaminants (42% of Fe). The blue curve
outlines 5% of an indicated [(MeO-PyNMe3)Fe

IV(O)]2+ contaminant.
(B) Spectrum of 3b(CPCA), in black, obtained by subtracting the
magenta and blue curves from the black line shown in the top
spectrum. The red line (drawn to represent 48% of total Fe) is a
spectral simulation for 3b(CPCA) for δ = −0.08 mm/s. The
horizontal arrows mark the splitting due to Ax. (C) Theoretical
curve for 3b(CPCA) assuming a δ = 0.26 mm/s pertinent for a low-
spin ferric [(MeO-PyNMe3)Fe

III(OOR)]2+ species. We estimate that
the sample contains 45−50% of species 3b(CPCA). This percentage
agrees well with the EPR result and the fraction of 2b(CPCA)
generated by reaction of [(PyNMe3)Fe

II(CF3SO3)2] with CPCA
described in section III of the SI.

Figure 4. 4.2 K spectra of 3b(CPCA) recorded in applied fields of B =
2.0 T (A) and 4.0 T (B). The magenta and blue lines indicate,
respectively, FeIII and FeIV contaminants mentioned in the caption of
Figure 3.
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251 from MS = −5/2 levels; the weak features near −3 mm/s and
252 +5 mm/s belong to MS = −3/2 states which are populated at
253 4.2 K by ∼8%. We have fitted the outermost features of the
254 high-spin FeIII species with various assumptions and found that
255 the position and intensity of the inner two lines are essentially
256 independent of these assumptions. Thus, by subtracting the
257 simulated high-spin FeIII components (Table S4, SI) from the
258 raw data we obtain quite reasonable representations of
259 3b(CPCA). By comparing various preparations of 2b(PAA)
260 and 3b(CPCA), and creating difference spectra, we deduced
261 that ∼5% of the Fe of the sample of Figure 3A belongs to
262 [(MeO-PyNMe3)Fe

IV(O)(MeCN)]2+; this FeIV species (we
263 have spectra of this species for PyNMe3; see SI, Figure S26)
264 contributes a quadrupole doublet for B < 0.1 T (the blue line in
265 Figure 3A represents a B = 7 T simulation of this
266 contaminant.). Figure 3B, then, shows the desired 7.0 T
267 spectrum of 3b(CPCA).
268 A comment about the quadrupole splitting, ΔEQ, and the
269 isomer shift, δ, of 3b(CPCA) is in order. If at higher
270 temperatures, say 150 K, the relaxation of the electronic spin
271 would be fast compared to the nuclear precession frequencies,
272 3b(CPCA) would exhibit a quadrupole doublet from which
273 ΔEQ and δ could readily be extracted. However, the relaxation
274 rate of 3b(CPCA) is still too slow at 150 K. Attempts to
275 increase this rate by inducing spin−spin relaxation using a 5
276 mM Fe concentration sample failed. Thus, δ, the most
277 important parameter for determining the oxidation state of
278 3b(CPCA), has to be extracted by simulating the paramagnetic
279 hyperfine structure of the 4.2 K spectra. We have previously
280 described a similar situation for [(TMC)FeV(O)(NC(O)-
281 CH3)]

+ and its conjugate acid [(TMC)FeV (O)(NC(OH)-
282 CH3)]

2+.24

283 The principal features of the Mössbauer spectra are readily
284 understood by taking into account the EPR information that
285 the 57Fe A tensor of 3b(CPCA) has one large component
286 (along x) and two small ones and that the g-values are nearly
287 isotropic. The largest magnetic splitting, indicated in Figure 3B
288 by the horizontal arrows (the “base”), reflects molecular
289 orientations in the frozen solution sample for which the applied
290 magnetic field is near the axis of Ax; our simulations suggest
291 that Ax ≈ −62 ± 2 MHz (Note: Ax = −62 MHz corresponds to
292 Ax/gnβn = −45.3 T, the quantity most often quoted in the
293 Mössbauer literature). This value yields an effective magnetic
294 field Beff = Bint + B = (−(1/2) × 45.3 + 7.0) T = −15.7 T at the
295

57Fe nucleus. Simulations of the inner “triplet” feature yielded

296Ay ≈ −8(4) MHz and Az ≈ −9(3) MHz, i.e., components with
297values that are substantially smaller than that of Ax, consistent
298with the EPR results.
299The component of the EFG tensor along Ax is negative,
300while those along y and z are positive. These sign choices shift
301the “base” to more negative and the “triplet” to more positive
302Doppler velocities. Our simulations, as well as least-squares
303group fits to the 2.0, 4.0, and 7.0 T spectra, suggest that ΔEQ ≈
304+1.15 mm/s and η ≈ 0.6. We have also recorded spectra for B =
30545 mT applied parallel as well as perpendicular to the γ-rays. At
306T = 4.2 K and B = 45 mT, the FeIII contaminants contribute as
307many as 12 Mössbauer spectra, one for each Kramers doublet
308of the four identified species. These spectra depend, for each
309contaminant, on D, E/D, the A tensor, ΔEQ, and parameters
310describing the distribution of the zero-field splitting parameters.
311Moreover, for D ≈ 0.7 cm−1 the middle Kramers doublets are
312∼35% populated at 4.2 K and would produce spectra entirely
313hidden under the absorption of 3b(CPCA). The 45 mT spectra
314were insufficiently resolved to be useful. The spin Hamiltonian
315parameters of 3b(CPCA) that give the simulated spectrum in
316 t2Figure 3B are listed in Table 2. The parameters extracted for
3172b(CPCA) are essentially the same as those of 3b(CPCA);
318spectra of 2b(CPCA) obtained at B = 7.0 and 4.0 T are shown
319in Figures S24 and S25, respectively.
320The isomer shift, δ = −0.08 ± 0.03 mm/s, of 3b(CPCA) was
321obtained by group fitting the 2.0, 4.0, and 7.0 T spectra. The
322value of δ obtained is substantially more negative than the value
323of δ = +0.05 mm/s found for [(PyNMe3)Fe

IV(O)(MeCN)]2+,
3244 (see section IV of the SI), demonstrating that 3b(CPCA)
325must represent a species in a higher oxidation state than 4. Also,
3263b(CPCA) cannot be assigned to an FeIII−peroxo species such
327as [(MeO-PyNMe3)Fe

III(κ2-OOCR)]2+ for which we obtained
328a δ value of +0.26 mm/s by DFT. For illustration, Figure 3C
329shows a simulation for δ = +0.26 mm/s, a value clearly
330inconsistent with the data. These arguments suggest the
331assignment of 3b(CPCA) as [(MeO-PyNMe3)Fe

V(O)(OC-
332(O)cy)]2+, resulting from O−O bond heterolysis of an initially
333formed but unobserved [(MeO-PyNMe3)Fe

III(κ2-OOCR)]2+

334precursor (for the PyNMe3 ligand, this precursor is the gmax

335= 2.20 species, 2a(PAA)). We have assigned here a pure
336oxidation state to the iron in 3b(CPCA). Such an assignment is
337perfectly appropriate for [(TAML)FeV(O)]−, which by all
338measures is a pure S = 1/2 FeV−oxo complex, as the
339tetraanionic TAML ligand stabilizes the FeV oxidation state.
340Complexes with neutral supporting ligands such as MeO-

Table 2. Spin Hamiltonian Parameters for [(MeO-PyNMe3)Fe
V(O)(OC(O)cy)]2+ (3b(CPCA)),

[(PyNMe3)Fe
V(O)(OC(O)cy)]2+ (2b(CPCA)), and Related Complexesa

complex g(x,y,z) A(x,y,z) (MHz)b ΔEQ (mm/s) η δ (mm/s)

3b(CPCA) 2.01, 2.07, 1.94 −62(2), −8(4), −9(3) +1.15(30) 0.6 −0.08(3)
2.02, 2.04, 1.99 −56, −18, −5 +0.78 0.3 -0.01

2b(CPCA) 2.01, 2.07, 1.94 −62(2), −7(4), −10(4) +1.00(30) 0.2 −0.06(3)
2.02, 2.04, 1.99 −57, −18, −5 +0.86 0.3 -0.01

2b(PNA) 2.01, 2.07, 1.94 −62(2), −6(4), −11(4) +1.11(25) 0.3 −0.08(3)
[(TAML)FeV(O)]−c,d 1.99, 1.97, 1.74 −67.5(14), −2.0(20), −22.3(21) 4.25(10) 0.65(10) −0.42(3)

−59.8, −13.0, −20.6 4.51 0.72 -0.39
[(TMC)FeV(O)- (NC(OH)CH3)]

2+e 2.05, 2.01, 1.97 −47(2), −17(2), 0(5) −0.2 −3 +0.10
2.03, 2.00, 1.97 −45, −14, −6

aValues predicted by DFT are shown in italics. bNumbers in parentheses are estimated uncertainties in the least significant digits. cReported by
Tiago de Oliveira et al.18 dTable 1 of van Heuvelen et al.18 listed the A-values of [(TAML)FeV(O)]− erroneously in units of tesla (A/gnβn), as
originally reported,18 rather than MHz as stated. eThe parameters of [(TMC)FeV(O)(NC(OH)CH3)]

2+ are different from the other three
complexes in this table due to the strong trans effect of the imido ligand on the FeO bond.24

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.7b11400
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

E

http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11400/suppl_file/ja7b11400_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11400/suppl_file/ja7b11400_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11400/suppl_file/ja7b11400_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11400/suppl_file/ja7b11400_si_001.pdf
http://dx.doi.org/10.1021/jacs.7b11400


341 PyNMe3 and TMC, respectively, found in 3b(CPCA) and
f5 342 [(TMC)FeV(O)(NC(OH)CH3)]

2+ (see Figure 5 of the work

343 by Van Heuvelen et al.24) would have electronic configurations
344 with some FeIV/radical character due to the greater electro-
345 philicity of the high-valent metal centers in these complexes.
346 We return to this point in the section describing the DFT
347 results.
348 The obtained A-values also exclude the possibility that
349 3b(CPCA) is a complex comprising an S = 1 FeIVO complex
350 antiferromagnetically coupled to a carboxyl radical. Typical
351 (local) a-values (in SaS=1I, S = 1) for S = 1 FeIVO complexes
352 are ax ≈ ay = −(25−29) MHz and az ≈ −7 MHz. When
353 referred to the spin Hamiltonian of an antiferromagnetically
354 coupled FeIVO/radical state, these a-values would change to
355 Ax ≈ Ay = −(33−44) MHz and Az ≈ −9 MHz (in SAS=1/2I, S =
356 1/2); the two tensors are related by AS=1/2 = (4/3) aS=1, where
357 4/3 is a spin projection factor. For the S = 1 heme/porphyrin
358 radical complex of horseradish peroxidase, HRP I, Debrunner
359 and co-workers48 reported a Mössbauer analysis with ax = ay =
360 −26.5 MHz, while an ENDOR study by Hoffman et al.49 gave
361 Ax = Ay = −35 MHz (thus ax/Ax near 4/3). To conclude, the
362 Mössbauer data of 3b(CPCA) show that the observed A tensor
363 and the value of δ are not compatible with its assignment to an
364 FeIV−oxo radical species.
365 The values for Ax obtained from the EPR and Mössbauer
366 analysis are quite accurate. Although Ay and Az have larger
367 uncertainties, reasonable simulations can be obtained by
368 simultaneously increasing Ay and decreasing Az while keeping
369 (Ay + Az)/2 near −9 MHz. We estimate that ΔEQ is accurate
370 within ±0.3 mm/s; in the simulations this parameter is strongly
371 correlated with the asymmetry parameter η, as both determine
372 the component of the EFG along Ax.
373 Resonance Raman and XAS Studies. To provide
374 additional insight into the nature of 2b(CPCA) and
375 3b(CPCA), further spectroscopic studies were carried out on
376 these intermediates and related complexes (Scheme 2).
377 Resonance Raman spectra were obtained for samples prepared

378by reacting the FeII precursor in a (v/v 1:3) CH3CN/
379CD3COCD3 solution with 5−10 equiv of peracid at −65 °C.
380Similar spectra were obtained for the three different peracids
381used in this study (Table 1). Of particular use was pernonanoic
382acid (PNA), for which a method was available for the synthesis
383of the 18O-labeled peracid (see section XII in the SI). 2(PNA)
384exhibits two resonantly enhanced Raman bands at 815 and 829
385cm−1 in an 11:1 intensity ratio (Figure 5 top, black trace),
386which disappear, together with the UV−vis chromophore, upon
387warming up the sample to room temperature. These two
388features are also observed in the resonance Raman spectra of
3892(PAA) and 2(CPCA) with a comparable intensity ratio (Table
3901 and Figure S32). With 18O-labeled PNA, the 815 cm−1 band
391downshifted to 783 cm−1 (Figure 5 top, red trace),
392corresponding to a 32 cm−1 decrease that is consistent with
393its assignment to a ν(FeO) mode based on a Hooke’s Law
394calculation for a diatomic FeO bond. On the other hand,
3953(PNA) exhibits a pair of peaks at 813 and 821 cm−1 (Figure 5
396bottom, black trace), which collapse into one peak at 784 cm−1

397with 18O-labeled PNA (Figure 5 bottom, red trace). Given that
398both 18O-labeled intermediates exhibit essentially one vibration
399at the same frequency, the pair of peaks observed in 3(16O-
400PNA) represent a Fermi doublet with a frequency centered at
401817 cm−1 that is assigned to the ν(FeO) mode of 3b. These
402two 800 cm−1 features with near equal intensities are also
403observed in the resonance Raman spectra of 3b(PAA) and
4043b(CPCA) (Figure S32).
405The 829 cm−1 peak observed in the resonance Raman spectra
406of samples of 2, but not of 3, belongs to a different species.
407Designated as 2a, it exhibits ∼10% of the intensity of the
408corresponding 815 cm−1 peak in samples of 2(PAA), 2(CPCA)
409and 2(PNA) that is assigned to 2b. The use of 18O-labeled
410PNA results in the disappearance of the 829 cm−1 peak. If this
411peak were to arise from an FeO unit, it would be expected
412based on Hooke’s Law to shift to ∼795 cm−1 but such a shifted
413feature is not observed at this frequency. On the other hand, it
414could arise from 2a, the acylperoxoiron(III) isomer of 2b and
415be assigned as its O−O stretch. Such a mode would have a
416Hooke’s Law-calculated downshift of ∼47 cm−1 and a predicted
417peak position of 782 cm−1, which unfortunately would be
418obscured by the dominant peak at 783 cm−1 arising from 18O-
419labeled 2b (Figure 5).
420Scrutiny of the 783 cm−1 region does reveal a shoulder at 771
421cm−1 with about 15% the intensity of the 783 cm−1 band. The
422771 cm−1 band is not observed in the spectra of the 16O-
423isotopomers but is also observed in the spectrum of 3(18O-
424PNA), even though the spectrum of 3(16O-PNA) does not
425exhibit a peak at 829 cm−1, so the 771 cm−1 feature cannot be
426associated with the 829 cm−1 peak. It is however resonance-
427enhanced because it is absent in the decayed samples. The band
428corresponding to the 16O isotopomer is presumably obscured
429by the 813/815 cm−1 peak. Thus, we are unable to ascertain the
430identity of this peak at the present time.
431The Mössbauer analysis of 3b(CPCA) favors its description
432as a species with predominantly FeV(O) character. However,
433the Raman bands observed for 2b(PNA) and 3b(PNA) fall into
434the low end of the relatively narrow range of frequencies (798−
435862 cm−1) found for nonheme oxo−iron species described thus
436far.50 The values at the extremes of this range are observed for
437[(bTAML)FeIV(O)]2− and [(bTAML)FeV(O)]−, respectively,
438demonstrating a 64 cm−1 difference in frequency that
439presumably reflects the 1-unit change in oxidation state
440between the two complexes.51 However, [(TMC)FeIV(Oanti)-

Figure 5. Resonance Raman spectra in CH3CN/CD3COCD3 (v/v
1:3). Top: 2(PNA) (2 mM Fe) (λex = 515 nm) (black, using 16O-
PNA, red, using 18O-PNA, and orange, decayed. Bottom: 3(PNA) (2
mM Fe) (λex = 515 nm) (black, using 16O-PNA, red, using 18O-PNA),
and orange, decayed). All spectra were collected at 77 K. See Figure
S32 for corresponding spectra using PAA and CPCA.
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441 (O2CCF3)]
+ and [(TMC)FeIV(Osyn)(OTf)]

+ exhibit respective
442 FeO frequencies of 854 and 856 cm−1,46,52 which approach
443 that of [(bTAML)FeV(O)]−, despite having a 1-unit lower
444 oxidation state. This comparison suggests that the higher Fe
445 O frequencies of these three complexes may in fact arise from
446 having a very weak ligand or no ligand at all-trans to the oxo
447 group.51,52 In contrast, [(TMC)FeV(O)(NC(O)R)]+ and its
448 conjugate acid have ν(FeO) values of 798 and 811 cm−1,24

449 despite being considered to be FeVO complexes. The lower
450 frequencies of this acid/base pair have been suggested to reflect
451 the strong electron donating character of the trans-imido ligand
452 that weakens the FeO bond. These comparisons suggest
453 caution in deducing the iron oxidation state based on the Fe
454 O frequency alone.
455 XAS studies were carried out on a sample containing

t3 456 2(CPCA) in frozen CH3CN/acetone (v/v = 1:3). Table 3

457 compares the XAS results of 2(CPCA) with those of its
458 iron(II) precursor (1) and iron(III) decayed product. A K-edge
459 energy of 7124.8 eV is observed (see Section XI of SI for details
460 of this analysis), which is 1.6 eV higher than that found for
461 [(PyNMe3)Fe

II(NCMe)2]
2+ (S = 0) in this study, but 0.5 eV

462 lower than the 7125.3 eV value reported for both [(TAML)-
463 FeV(O)]− and [(bTAML)FeV(O)]− complexes.18,51 The
464 Mössbauer analysis of a sample from the same batch is
465 described in section III of the SI (∼50% 2b(CPCA), 7%
466 2a(CPCA), ∼45% high-spin ferric species). To our surprise, the
467 K-edge energy for the sample of 2(CPCA) that had been
468 allowed to decay at room temperature is within error essentially
469 unchanged from that of 2(CPCA) itself (7124.9 eV). However,
470 the K-edge energy of 7124.9 eV found for decayed 2(CPCA)
471 falls within the range found for high-spin ferric centers, which
472 can be as high as 7126.3 eV in coordination compounds.53

473 Thus, given the overlap in the ranges for high-spin ferric centers
474 and higher-valent complexes, the K-edge energy for 2(CPCA)
475 alone does not allow us to determine the iron oxidation state of
476 the sample.
477 Analysis of the pre-edge region of 2(CPCA) reveals a peak
478 with an area of 15.6 units, a value smaller than typically found
479 for nonheme oxoiron(IV) complexes (20−35 units).50 It is also
480 much smaller than the values of 52 and 65 units recently
481 reported for the [(bTAML)FeIV(O)]2− and [(bTAML)-
482 FeV(O)]− complexes,51 which reflect the square-pyramidal

483nature of the TAML-based complexes that leads to a significant
484distortion away from centrosymmetry. Thus, the iron centers in
4852(CPCA) are very likely six-coordinate.
486Unlike the uninformative K-edge energy comparison
487between 2(CPCA) and decayed 2(CPCA), the corresponding
488EXAFS data comparison turn out to be more enlightening
489 f6(Figure 6 and Table 3). The EXAFS analysis of 2(CPCA)

490reveals the presence of an O scatterer at 1.63 ± 0.02 Å with an
491n value of 0.5, which is consistent with the Mössbauer-derived
492result that 2b(CPCA) represents 50% of the sample. The short
4931.63 Å distance falls within the narrow range of values ranging
494from 1.59 to 1.70 Å that are associated with high-valent
495terminal FeO complexes.2,48,49 The values at the low and
496high ends of this range belong to the FeV(O) and FeIV(O)
497complexes of TAML and bTAML ligands, respectively.18,51,54

498DFT calculations presented in the following section provide an
499electronic structure picture that reconciles the apparent
500incompatibilities between the Raman and EXAFS results,
501which are at first glance suggestive of an FeIVO unit, and the
502EPR and Mössbauer results that strongly favor an FeV oxidation
503state.
504DFT Studies and Discussion. To provide insight into the
505electronic structure of 3b(CPCA), we have carried out a series
506of DFT calculations. For the reported studies of [(TMC)FeV

507(O)(NC(OH)CH3)]
2+ we used the BP86 functional because

508the hybrid B3LYP functional favored an FeIVO/radical state
509that gave an 57Fe A-tensor inconsistent with the experimental
510data.24 In contrast, the BP86 functional produced, for reasons
511understood, a solution with substantial FeVO character that
512rationalized the set of experimental observations. Consequently,
513we have used here the BP86 functional for all calculations on
5143b(CPCA).
515We have carried out geometry optimizations for 3b(CPCA)
516 f7(Figure 7) and a variety of related complexes (see details in
517 t4Table 4). To compare the unperturbed Fe−oxo bond length in
518different oxidation states, we have also optimized the structures
519of the two [(MeO-PyNMe3)Fe(O)(NCMe)]n+ complexes (n =
5202, 3) and obtained a 1.67 Å FeO distance for the FeIV state
521and a 1.63 Å FeO distance for the FeV state (Table 4).
522Mössbauer spectra for [(PyNMe3)Fe

IV(O)(NCMe)]2+, 4, are
523presented in section IV of the SI. Geometry optimization
524attempted for the peroxo species 2a(PAA) and 3a(CPCA) with
525BP86 resulted in minimized structures for the corresponding

Table 3. XAS and EXAFS Analysis of 1, 2b(CPCA), and
Decayed 2b(CPCA)

EXAFS analysis

K-edge
(eV)

pre-
edge
(eV)

pre-edge
area

(units) N path r (Å)
σ2

(×10−3)

1 7123.1 7112.8 4.9 3 N/O 1.9 4.8
3 N/O 2.05 5.4
6 C 2.85 2.8
4 C 3.14 2.6

2b(CPCA) 7124.8 7114.4 15.6 0.5 N/O 1.63 1.4
3 N/O 1.99 4.5
2 N/O 2.17 6.2
4 C 2.86 3.4
4 C 3.00 3.5

decayed
2b(CPCA)

7124.8 7114.3 14.3 3 N/O 2.02 5.3
3 N/O 2.19 6.5
6 C 2.97 8.5

Figure 6. Unfiltered Fe K-edge EXAFS spectrum (black dotted line)
and best fit (red solid line) of a sample containing 50% 2b(CPCA).
Inset: corresponding unfiltered k-space data (black dots) and best fit
(red line). See Table 3 and section XI in the SI for further details.
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526 FeVO isomers, whereas the B3LYP optimization yielded a
527 solution for the peroxo isomer 3a(CPCA), [(MeO-PyNMe3)-
528 FeIII(κ2−OOC(O)cy)]2+.
529 For the PyNMe3 and MeO-PyNMe3 ligands, geometry
530 optimizations of the corresponding high-valent iron−oxo
531 complexes yielded two isomers with rather similar properties
532 that reproduce the experimental data very well (see section VII
533 of the SI for a comparison of the calculated properties). One
534 isomer has the oxo group trans to the pyridine, whereas the
535 other assumes the cis configuration. The α HOMO of both

f8 536 optimized structures (Figures 8 and Figure S29) has
537 approximate dyz symmetry and the normal of the orbital

538plane in both isomers is directed toward the bound carboxylate
539oxygen, with z essentially parallel to the Fe-oxo direction. The
540main text focuses on the trans isomer of 3b(CPCA), which is
541calculated to be 0.6 kcal/mol lower in energy than its cis
542analogue. A corresponding α HOMO and a spin density plot of
543the cis isomer are shown in Figure S29.
544The calculated FeO bond length of 1.65 Å for 3b(CPCA)
545agrees within the error with the 1.63 ± 0.02 Å value obtained
546by EXAFS. This value is larger than the 1.59 Å distance
547observed for the 5-coordinate [(TAML)FeV(O)]−;18 distances
548calculated by DFT using B3LYP and BP86 yielded 1.59 and
5491.60 Å, respectively. In section IX of the SI, we considered the
550hypothetical 6-coordinate [(TAML)FeV(O)(NCMe)]−, for
551which a relaxed scan was performed along the Fe−NMeCN
552distance. These calculations suggest that if the TAML complex
553were 6-coordinate, it would have had an FeVO bond length
554of ∼1.63 Å. We have also optimized the structures of the two
555[(MeO-PyNMe3)Fe(O)(NCMe)]n+ complexes (n = 2, 3),
556obtaining 1.67 Å for the FeIV state and 1.63 Å for the FeV state
557(Table 4). Thus, the 1.63 Å observed here by EXAFS is
558consistent with BP86 structures for 6-coordinate (MeO-
559PyNMe3)Fe

V species. The calculated properties are hardly
560affected by the MeO substitution; see Table S5.
561Interestingly, in 3b(CPCA) the non-iron-bound carboxylate
562oxygen (O2) is close to the oxo group, O1, with an O1−O2
563distance of 2.04 Å. It is noteworthy that the spin density plot of
564Figure 8 shows negative spin density at O2, indicating that the

Figure 7. Geometry-optimized structure of [(MeO-PyNMe3)Fe
V(O)-

(OC(O)cy)]2+ (3b(CPCA), trans isomer): Yellow, iron; red, oxygen;
blue, nitrogen; gray, carbon. For clarity, hydrogen atoms are not
shown. Electronic d-orbital diagram obtained from TD-DFT is shown
and the ΔDFT is about 8000 cm−1. Selected bond lengths: FeO 1.65
Å; O1−O2 = 2.04 Å; Fe−O3 = 1.93 Å; Fe−Npyr = 1.97 Å, Fe−Nam ≈
2.08 Å. The DFT coordinates x, y, z match the coordinates used for
the spin Hamiltonian analysis, eqs 1, to within a few degrees. TD-DFT
computations were performed for the optimized structure including 50
excited states. The energy of the dyz orbital was obtained from the
excitation of the β electron from dxy to dyz. The energies of other
orbitals (dxz, dz2, dx2‑y2) were obtained from the excitation of the α
electron from the δyz orbital to these orbitals.

Table 4. DFT Values for Spin Populations, n = nα − nβ, of Orbitals and atoms, 57Fe Isomer Shifts, Bond Lengths, and Raman
Frequencies of the Iron−Oxo Bond for 3b(CPCA) and Related Complexes

[(L*)FeV(O)-(OC(O)cy)]2+
(3b(CPCA))a trans (cis)

[FeV(O)-
(TAML)]−b

[(L*)FeIV(O)-
(NCMe)]2+ trans

[(L*)FeV(O)-(NCMe)]3+

trans (cis)
[(L*)FeIII-(κ2−OOC(O)

cy)]2+ cisd

Fe−O1 bond (Å) 1.65 (1.66) 1.60 1.67 1.63 (1.63) 1.82
isomer shifte

(mm/s)
−0.01(−0.02) −0.40 +0.05 −0.12 (−0.14) +0.26

ν(Fe−O1)
(cm−1)

837 (815) 875 841 903 (875)

ν(O1−O2)
(cm−1)

789 and 732f

⟨S2⟩ 0.84 0.76 2.01 0.94c 0.77
{Fe-dxz + O1-px} 0.12 0.07 0.87 0.26 0.04
{Fe-dyz + O1-py} 0.90 0.84 0.89 0.89 0.57
O2 −0.18 N/A N/A N/A 0.00

aL* = (MeO-PyNMe3)
bParameters obtained with BP86/6-311G cThe trans isomer (oxo group trans to the pyridine) did not optimize in the FeIII

state using either the B3LYP or BP86 functional. The cis isomer of this column was optimized using B3LYP/6-311G but did not optimize with BP86.
Calculated O1−O2 bond length is 1.54 Å. dThe DFT solution may be admixed with a small amount ofS = 3/2 FeV. eThe calculated isomer shifts
were obtained by the method of Vrajmasu et al.55 fThe two modes also have significant cyclohexyl character.

Figure 8. Spin density plot (left) and α HOMO (right) of BP86
solution of the trans isomer of [(MeO-PyNMe3)Fe

V(O)(OC(O)-
cy)]2+ (3b(CPCA)). Majority spin α in blue; minority spin β (mainly
on O2) in dark green in the left cartoon.

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.7b11400
J. Am. Chem. Soc. XXXX, XXX, XXX−XXX

H

http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11400/suppl_file/ja7b11400_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11400/suppl_file/ja7b11400_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11400/suppl_file/ja7b11400_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11400/suppl_file/ja7b11400_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.7b11400/suppl_file/ja7b11400_si_001.pdf
http://dx.doi.org/10.1021/jacs.7b11400


565 FeV ground state of 3b(CPCA) is admixed with an FeIV/radical
566 configuration. An indirect measure for the oxidation state of
567 iron in the DFT solution is the expectation value of the
568 operator S2. For a pure FeV S = 1/2 state this expectation value
569 would be ⟨S = 1/2|S2|S = 1/2⟩ = S(S + 1) = 0.75, whereas the
570 FeIV/carboxyl radical broken-symmetry (BS) configuration
571 would yield ⟨BS|S2|BS⟩ = 1.75. If we assume that only these
572 two configurations contribute, we would infer from the
573 calculated ⟨ΨBP86|S

2| ΨBP86⟩ = 0.85 that the ground state of
574 3b(CPCA) is 90% FeV. This argument may be somewhat
575 misleading as the S = 1/2 [(MeO-PyNMe3)Fe

III(κ2−OOC-
576 (O)cy)]2+ configuration may also contribute; we comment on
577 this point below.
578 The FeV assignment of 3b(CPCA) is supported by the spin
579 densities of the key orbitals in Table 4. Note that the dyz+py and
580 dxz+px populations are nearly equal for the S = 1 [(MeO-
581 PyNMe3)Fe

IV(O)(NCMe)]2+ complex but that the dxz+px
582 population is substantially smaller than the dyz+py population
583 for the two FeV complexes. (This statement requires a caveat.
584 Thus, the relatively long Fe−O1 bond in [(MeO-PyNMe3)-
585 FeIII(κ2−OOC(O)R)]2+ leads to an interchange of the dxz and
586 dyz orbitals, which puts the unpaired electron of the low-spin
587 FeIII into dyz. Admixture of the latter state into the FeV state
588 would have little effect on the A tensor.)
589 The predominant FeV nature of 3b(CPCA) is also evident
590 from the isomer shifts, δ. The experimental value for [(MeO-
591 PyNMe3) Fe

V(O)(OC(O)cy)]2+ is δ = −0.08 mm/s; the BP86
592 values are −0.01and −0.02 mm/s for the trans and cis isomers,
593 respectively. For [(PyNMe3)Fe

IV(O)(NCMe)]2+ (4) (see
594 section IV of the SI), we experimentally obtained δ =
595 +0.05(1) mm/s with Mössbauer spectroscopy, which is
596 accurately reproduced (Table 4) by the BP86 calculation. For
597 the hypothetical [(MeO-PyNMe3)Fe

V(O)(NCMe)]3+ com-
598 plex, a BP86 calculation yielded δ = −0.14 mm/s. The
599 B3LYP functional optimizes the cis isomer of [(MeO-
600 PyNMe3)Fe

III(κ2-OOC(O)R)]2+ to a peroxo-bound FeIII state
601 with δ = +0.26 mm/s, which is close to the experimental +0.23
602 mm/s of the [(TPA*)FeIII(OOC(O)CH3)]

2+ complex of Oloo
603 et al.37 To explain its low isomer shift, the iron center in
604 3b(CPCA) must be substantially more oxidized than those in
605 [(MeO-PyNMe3)Fe

III(κ2-OOC(O)R)]2+ and 4, again giving
606 support to the FeV assignment for 3b(CPCA). The
607 experimental δ = −0.08 mm/s is more negative than the
608 BP86 value of −0.01 mm/s, suggesting that the calculation has
609 perhaps overestimated the (FeIV/radical)/(FeIII-peroxo) con-
610 tent of the state. (Note that complex 4, for which we have a δ,
611 has the PyNMe3 ligand. Our DFT studies suggest that the
612 methoxy substitution would not affect the value of δ, see Table
613 S5.)
614 Above we indicated that the ground state of 3b(CPCA) may
615 contain a small FeIII−peroxo admixture. A qualitative argument
616 sheds some light on this possibility. As shown in Table 4, the
617 calculated isomer shift of [(MeO-PyNMe3)Fe

V(O)(NCMe)]3+

618 (see Figure S27) is δ = −0.14 mm/s. The calculated ⟨S2⟩ = 0.96
619 for this complex suggests that the S = 1/2 ground state may
620 have a small (∼4%) high-spin (S = 3/2) FeV admixture.
621 However, this contamination is too small to affect the
622 calculated δ significantly. In the following analysis we adopted
623 for the [(MeO-PyNMe3)Fe

IV(•OCOcy)]2+ and (MeO-
624 PyNMe3)Fe

III-peroxo configurations the experimentally ob-
625 served value δ = +0.05 mm/s for [(PyNMe3)Fe

IV(O)-
626 (NCMe)]2+ (4) and the DFT value δ = +0.26 mm/s (Table
627 4), respectively. If the ground state of 3b(CPCA) would

628comprise 90% FeV and 10% FeIV/radical, but no FeIII−peroxo
629admixture, we would obtain a δ value near −0.12 mm/s, which
630is lower than the experimentally observed −0.08 mm/s. Using
631the isomer shifts listed in Table 4 and assuming that the ground
632state wave function of 3b(CPCA) is an admixture of FeVO
633(75%), FeIVO/radical (15%) and FeIII−peroxo (10%) a δ-
634value close to the experimental δ = −0.08 mm/s is obtained (δ
635= (0.10 × 0.26 + 0.15 × 0.05 + 0.75 × (−0.14)) mm/s = −0.07
636mm/s). A similar qualitative estimate rationalizes the
637experimentally determined νFeO. From the perspective of
638bond order, we calculated the Wiberg bond orders of FeO1
639and O1−O2 in 3b(CPCA). These calculations show that
6403b(CPCA) has an O1−O2 bond order of 0.35, indicating that
641the peroxo bond is not entirely ruptured, which supports the
642mixing of FeIII-peroxo and FeVO components in 3b(CPCA).
643For comparison, we have also calculated the Fe−O bond orders
644of 3a(CPCA), [FeIV(O)(TAML)]2−, [FeV(O)(TAML)]−, and
645the hypothetical [(MeO-PyNMe3)Fe

IV(O)(NCMe)]2+ com-
646plex (see Table S10).
647The DFT calculated g and A tensors have a common z-axis
648which is within 4° of the Fe−oxo direction, and the x-axis of the
649A tensor is along the Fe−O3 bond. The principal axes of the g
650tensor are rotated by α = 26° around z relative to the frame for
651A. The close agreement with the experimental (α = 20°) value
652for this angle is probably a bit fortuitous. The DFT-calculated g-
653values of 3b(CPCA) reproduce the experimental data quite
654well; it is noteworthy that the largest component of the A
655tensor is closely aligned with the axis for gmid = gx, just as found
656experimentally.
657The 57Fe magnetic hyperfine tensor, A, has Fermi contact
658(AFC), anisotropic spin-dipolar (ASD), and orbital (AL)
659contributions. From the experimental Ax,y,z = (−62, −8, −9)
660MHz we obtain Aiso = (Ax + Ay + Az)/3 = −26.3 MHz. In order
661to extract AFC we should subtract the isotropic part of AL from
662Aiso. The closeness of the g-values of 3b(CPCA) to g = 2.00
663implies that this contribution is small. The DFT calculation for
664the trans isomer yields AL

x,y,z = (−3.4, + 2.5, −0.3) MHz from
665which follows that AL

iso = −0.4 MHz and therefore Aiso − AL
iso

666= AFC = −25.9 MHz. DFT calculations often underestimate the
667magnitude of the Fermi contact term, requiring the DFT-
668calculated AFC values to be multiplied by 1.6 to match the
669experimental AFC.56 However, the AFC(DFT) = −18.6 MHz
670obtained for the trans conformer suggests a smaller correction
671factor, AFC/AFC(DFT) = 1.42. The value AFC = −25.9 MHz
672deduced for 3b(CPCA) is substantially larger than the AFC =
673−21.7 MHz obtained for [(TAML)FeV(O)]−. This increase
674may possibly be due to the admixture of the FeIV/radical
675configuration into the FeV ground state, thereby increasing the
676internal magnetic field at the 57Fe nucleus. As the simulations of
677the Mössbauer spectra are based on an S = 1/2 Hamiltonian,
678the increase in the internal field would have to be accounted for
679by a larger value for AFC.
680While the methoxy substituent on the supporting ligand
681affects the equilibrium concentrations between the FeVO and
682FeIII-peroxo forms (ratio 7:1 for PyNMe3 and 50:1 for MeO-
683PyNMe3), the calculated properties evaluated above are
684essentially insensitive to the substitution (see Table S5).
685Moreover, the EPR parameters for 2b(PAA), 2b(CPCA), and
6863b(CPCA) are the same and, within the experimental errors,
687the Mössbauer parameters of 2b(CPCA) and 3b(CPCA) are
688also the same. Note, however, that λmax of the UV−vis
689absorption feature of 3b(CPCA) (λmax 520 nm) is red-shifted
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690 relative to that of 2b(CPCA) (λmax 505 nm),43 presumably due
691 to the presence of the MeO substituent in 3b(CPCA).
692 The Raman spectrum of 2(PNA) exhibits two features at 815
693 and 829 cm−1 (11:1 intensity ratio), which disappear when
694 2(PNA) decays (see Figure S32 in the SI). Both features fall
695 within the range of frequencies typically observed for FeIVO
696 complexes.50 We note that similarly low FeO frequencies of
697 798 and 811 cm−1 have been observed for [(TMC)FeV(O)-
698 (NC(O)CH3)]

+ and [(TMC)FeV(O)(NC(OH)CH3)]
2+,

699 FeVO complexes with an electronic structure quite similar
700 to that of 2b(PAA), 2b(CPCA), and 3b(CPCA). The low
701 ν(FeO) values for the two TMC complexes were
702 rationalized by the trans effect of the imido ligand.24 For
703 2b(CPCA) and 3b(CPCA), the oxo group is perturbed by
704 residual bonding to O2. The effect of this perturbation can be
705 seen by comparing the ν(FeO) values listed in Table 4.
706 Thus, [(MeO-PyNMe3)Fe

V(O)(NCMe)]3+ and [(TAML)-
707 FeV(O)]− are calculated to have ν(FeO) = 903 and 875
708 cm−1, respectively, compared to an experimental value of 862
709 cm−1 reported for [(bTAML)FeV(O)]−.51 On the other hand,
710 calculations for 2b(CPCA) and 3b(CPCA) yield values of 836
711 and 815 cm−1 for the trans and cis isomers, respectively, with
712 the latter value being observed experimentally for 2b(CPCA)
713 (Figure 5). The downshifts of these values from ∼903 cm−1 are
714 probably caused by the perturbation of the FeO1 oscillator
715 by interactions with O2. Thus, while the ν(FeO) of
716 unperturbed FeO oscillators are good indicators of the
717 oxidation state of the iron,50 the lower Raman frequencies of
718 2b(CPCA) and 3b(CPCA) reflect the presence of interactions
719 between the oxo group and O2 of the partially cleaved peroxo
720 bond.

721 ■ CONCLUSIONS AND PERSPECTIVES
722 Complex 1 is a truly remarkable nonheme iron catalyst that
723 uses peracetic acid as oxidant to generate a high-valent
724 intermediate that hydroxylates cyclohexane at −40 °C at a
725 record breaking rate of 2.8 M−1 s−1.1 This rate is 104-fold faster
726 than that found for the well characterized bona fide oxoiron(V)
727 complex [FeV(O)(TAML)]−.18,23,51 This large difference in
728 reactivity can be rationalized by the use of the neutral PyNMe3
729 as a supporting ligand compared to the tetraanionic TAML
730 ligand in the latter that significantly mitigates the high
731 electrophilicity of the FeVO unit (see Table S11).
732 This metastable high-valent intermediate accumulates at
733 lower temperature, permitting its characterization by a variety
734 of spectroscopic methods. By replacing the PyNMe3 ligand of 1
735 with MeO-PyNMe3 and changing the peracetic acid oxidant to
736 cyclohexyl peroxycarboxylic acid, we have been able to obtain
737 the S = 1/2 intermediate [(MeO-PyNMe3)Fe

V(O)(OC(O)-
738 cy)]2+, 3b(CPCA), in sufficient purity to allow its detailed
739 characterization by Mössbauer spectroscopy. Intermediate
740 3b(CPCA) has an isomer shift δ = −0.08 mm/s, which is
741 0.13 mm/s more negative than that measured for [(PyNMe3)-
742 FeIV(O)(NCMe)]2+ (4). Our spectroscopic studies thus show
743 that 3b(CPCA) has an electronic structure with predominant
744 FeV character.
745 DFT calculations on 3b(CPCA) reveal a species with a
746 rather unusual geometric and electronic structure that affords
747 spectroscopic parameters reasonably matching those obtained
748 experimentally. A notable feature of this structure, which
749 applies for 2b(PAA), 2b(CPCA) and 3b(CPCA), is the O1···
750 O2 distance of ∼2.04 Å obtained from DFT calculations. This
751 unique structure keeps the carboxylate O2 in close proximity to

752the FeO unit, enabling the complex to maintain in solution a
753facile equilibrium between the FeVO and FeIII-peroxo forms,
754as described by Serrano-Plana et al. for 2a/2b;43 for 3(CPCA)
755this equilibrium is shifted heavily in favor of 3b(CPCA). Given
756that the ground state of 3b(CPCA) has some FeIV(O)−
757carboxyl radical and perhaps also some FeIII−peroxo character
758admixed into the dominant FeV(O) nature of the intermediate,
759it might appear that 3b(CPCA) is a species with a nearly
760severed peroxo bond that is more stable than both its limiting
761acylperoxoiron(III) or its oxoiron(V) isomers. However, a
762relaxed scan of the O1−O2 distance shows that the increase of
763r(O1−O2) does not further enhance the calculated FeV

764character of 3b(CPCA) but in fact results in an increase of
765FeIV-radical character as the O1−O2 bond becomes cleaved
766homolytically. This result suggests that the above-described
767electronic structure of 3b(CPCA) has as much FeV character as
768the system will allow at the BP86 level of theory. Clearly,
769additional theoretical studies are desirable, but the present work
770indicates how its oxidative power might arise in an
771unexpectedly subtle manner along the O−O bond stretching
772reaction coordinate. This notion may hold the key to
773understanding the high reactivity of 3b(CPCA) as a C−H
774bond cleaving species.
775The PyNMe3-derived intermediates 2 and 3 described in this
776paper are the latest variants in a series of proposed FeV(O)
777oxidants that have been postulated to be the actual C−H bond
778leaving agents in the chemistry of a number of nonheme iron
779catalysts, including some that are found to be useful for late-
780stage oxidations of natural products and pharmaceuticals.57−60

781For the Fe(TPA) catalyst (TPA = tris(pyridyl-2-methyl)amine)
782used in combination with H2O2 as oxidant, an [(TPA)FeIII−
783OOH] intermediate is observed to form at −40 °C and then
784undergoes rate-determining O−O bond cleavage to unmask the
785proposed [(TPA)FeV(O)(OH)] oxidant responsible for alkane
786hydroxylation and olefin epoxidation and cis-dihydroxylation.61

787On the other hand, for the related Fe(TPA*) catalyst (TPA* =
788tris(4-methoxy-3,5-dimethylpyridyl-2-methyl)amine) in combi-
789nation with the H2O2 oxidant and excess HOAc additive, a
790[(TPA*)FeIII(O3CR))] intermediate is generated instead.37,62

791Kinetic analysis of the behavior of this intermediate at −40 °C
792in the presence of various substrates suggests that this species is
793in equilibrium with a small concentration of the actual oxidant,
794proposed to be a [(TPA*)FeV(O)(OAc)] species.37,62 The
795latter has in fact been identified by Talsi as giving rise to a
796minor g = 2.07 EPR signal that decays at a rate dependent on
797substrate concentration.35,63 This signal is essentially identical
798to that associated with the major EPR-active components of 2
799and 3 reported in this paper. Thus, in the series of polydentate
800ligands from TPA to MeO-PyNMe3 that support bioinspired
801nonheme iron catalysts discussed in this paper, the notion of an
802FeVO oxidant has progressed from mere hypothesis in
803Fe(TPA) catalysis to being detected as a minor component in
804the Fe(TPA*)/H2O2/HOAc system and then now to
805becoming the predominant species observed at −40 °C in
806the Fe(MeO-PyNMe3)/peracid combination with detailed
807spectroscopic characterization.
808The S = 1/2 intermediates associated with the above systems,
809namely [(TPA)FeIII(OOH)], [(TPA*)FeIII(O3CR)], 2b and
8103b, all exhibit visible absorption features around 500 nm, but
811they progressively increase in intensity in the series with molar
812extinction coefficients of ∼1000 for [(TPA)FeIII(OOH)],64

813∼2500 for [(TPA*)FeIII(O3CR)],
37 ∼4500 for 2b, and ∼7500

814for 3b. We do not yet understand the basis for this trend of
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815 increasing intensity, but suggest that the higher absorptivity
816 reflects the increasing fraction of the g = 2.07 species present in
817 the reaction mixtures, which we attribute the unusual electronic
818 structures of 2b and 3b. The observation that there is a
819 significant change in extinction coefficient between 2b and 3b
820 as a result of a 4-OMe substitution on the pyridine of the
821 supporting ligand suggests that the pyridine must be involved in
822 this chromophore Further investigation is required to gain
823 insight into this phenomenon.
824 What makes the highly reactive intermediates 2b and 3b
825 reported in this paper truly extraordinary is the fact that they
826 represent 40−50% of the Fe in the catalytic mixture and are
827 found to be catalytically competent in the C−H bond cleavage,
828 as evidenced by the dependence of their decay on the nature
829 and concentration of substrate.43 The DFT-based electronic
830 structure that we describe here for 2b and 3b may at first glance
831 appear to most readers to be a transition state in the homolytic
832 cleavage of the O−O bond of an acylperoxoiron(III) complex,
833 but our calculations find an energy minimum at an O···O
834 distance of 2.04 Å with a calculated Wiberg O−O bond order
835 of 0.35. Only such a structure thus far reproduces the
836 spectroscopic data collected for 2 and 3. Decreasing the O−
837 O bond beyond 2.04 Å leads to the acylperoxoiron(III)
838 electromer, while stretching the O−O bond beyond 2.04 Å
839 evolves the system toward the (N4)Fe

IV(O)(•OC(O)R)
840 electromer (see Figure S46) upon complete O−O bond
841 homolysis. According to our DFT calculations, it is at the 2.04-
842 Å O···O distance where the FeV(O) character of the
843 intermediate is maximized. Thus, we speculate that this
844 oxidation-state buffering mechanism stabilizes this species and
845 allows it to accumulate and be observed.

846 ■ EXPERIMENTAL SECTION
847 Materials. Reagents and solvents used were of commercially
848 available reagent quality unless otherwise stated. Solvents were
849 purchased from Scharlab, Acros or Sigma-Aldrich and used without
850 further purification. Peracetic acid (PAA) was purchased from Aldrich
851 as a 32 wt % solution in acetic acid containing less than 6% H2O2.
852 Cyclohexanyl peroxycarboxylic acid (CPCA) was prepared following
853 previously described procedures.65 95% 18O-labeled H2O2 (28% w/w
854 in H2O) was purchased from Gioxcat. Preparation and handling of air-
855 sensitive materials were carried out in a N2 drybox (Jacomex) with O2
856 and H2O concentrations <1 ppm. The synthesis of MeO-PyNMe3 and
857 its iron complex are detailed in the Supporting Information. (See the
858 regular sample preparations in section I of the SI, and see the 18O-
859 labeled sample preparations in Section XII of the SI.)
860 Generation of 2b(PAA), 2b(CPCA), 2b(PNA) and 3b(CPCA). In
861 a typical experiment, a 4 mM solution of [(PyNMe3)Fe

II(CF3SO3)2]
862 (1) or [(MeO-PyNMe3)Fe

II(CF3SO3)2] (1′) in dry acetonitrile was
863 prepared inside the glovebox.A 0.5 mL portion of this solution was
864 placed in a UV−vis cuvette (2 μmols), and 1.5 mL of dry acetone was
865 added. The quartz cell was capped with a septum and taken out of the
866 box, placed in the Unisoku cryostat of the UV−vis spectrophotometer,
867 and cooled to 223 K. After reaching thermal equilibrium, a UV−vis
868 spectrum of the starting complex was recorded. Then, 50 μL of a
869 solution containing the desired amount of alkyl peracid in dry
870 acetonitrile were added, giving raise to the formation of the
871 characteristic UV−vis bands of 2b(PAA), 2b(PNA), 2b(CPCA), or
872 3b(CPCA).
873 Mössbauer and EPR samples of 3b(CPCA) were generated as
874 follows. A 1 mM solution of [(MeO-PyNMe3)Fe

II(CF3SO3)2] in 3:1
875 acetone/MeCN was transferred into a 1 cm path length optical cuvette
876 and cooled in a Unisoku cryostat to −70 °C, and then a 10-fold excess
877 of CPCA was added. The reaction was stopped by freezing near
878 maximal development of the 520 nm band. At−70 °C the half-life of
879 the decay of 3b(CPCA) is longer than 1 h.

880Generation of 4. A 4 mM solution of [(PyNMe3)Fe
II(CF3SO3)2]

881in dry acetonitrile was prepared inside the glovebox. A 0.5 mL of this
882solution was placed in a UV−vis cuvette (2 μmol), and 1.5 mL of dry
883acetone was added. The quartz cell was capped with a septum and
884taken out of the box, placed in the Unisoku cryostat of the UV−vis
885spectrophotometer, and cooled to 233 K. After reaching thermal
886equilibrium, 50 μL of a solution containing 2-tBuSO2−C6H4IO (8
887μmols) was added.
888Physical Methods. Mössbauer spectra were recorded with two
889spectrometers using Janis Research (Wilmington, MA) SuperVaritemp
890dewars that allow studies in applied magnetic fields up to 7.5 T in the
891temperature range from 1.5 to 200 K. Mössbauer spectral simulations
892were performed using the WMOSS software package (SEE Co, Edina,
893MN). Perpendicular (9.63 GHz) mode X-band EPR spectra were
894recorded on a Bruker EPP 300 spectrometer equipped with an Oxford
895ESR 910 liquid helium cryostat and an Oxford temperature controller.
896The quantification of the signals was relative to a Cu-EDTA spin
897standard. Software for EPR analysis, SpinCount, was provided by Prof.
898M. P. Hendrich of Carnegie Mellon University. The spin quantitation
899error is about 8−10%.
900Resonance Raman spectra were obtained with excitation at 515 nm
901(50 mW at source, Cobolt Lasers) and 561 nm (100 mW at source,
902Cobolt Lasers). Data were obtained on samples at 77 K on frozen
903samples in NMR or EPR tubes using a 135° backscattering
904arrangement. The collimated Raman scattering was collected using
905two Plano convex lenses ( f = 12 cm, placed at an appropriate distance)
906through appropriate long pass edge filters (Semrock) into an Acton
907AM-506M3 monochromator equipped with a Princeton Instruments
908ACTON PyLON LN/CCD-1340 × 400 detector. The detector was
909cooled to −120 °C prior to the experiments. Spectral calibration was
910performed using the Raman spectrum of acetonitrile/toluene 50:50
911(v:v).66 Each spectrum was typically accumulated over 30−40 scans
912with 1 s acquisition time, resulting in a total acquisition time of 30−40
913s per spectrum. The collected data was processed using Spekwin32,67

914and a multipoint baseline correction was performed for all spectra. The
915two 800 cm−1 features were fitted using the Fityk software with
916pseudo-Voigt functions composed of 50:50 Gaussian/Lorentzian
917functions.
918Fe K-edge X-ray absorption spectra on the frozen solution of
9192b(CPCA), decayed 2b(CPCA), and species 1 were collected at 10 K
920in the energy range 6900 to 8000 eV on the Beamlines 9-3 at the
921Stanford Synchrotron Radiation Lightsource (SSRL) of SLAC
922National Accelerator Laboratory. One hundred element solid-state
923Ge detectors (Canberra) were used to obtain the X-ray absorption
924spectroscopy (XAS) data on the Beamline 9-3. An iron foil was used
925for the energy calibration of the beam and the first inflection point of
926the edge assigned to 7112.0 eV. Six scans of the fluorescence excitation
927spectra were collected on all the samples. To increase the signal-to-
928noise ratio of the spectra, a 3 μm Mn filter along with a solar slit were
929placed in between the detector and the sample. Data reduction,
930averaging, and normalization were performed using the program
931EXAFSPAK. The pre-edge features were fitted using the Fityk software
932with pseudo-Voigt functions composed of 50:50 Gaussian/Lorentzian
933functions.
934DFT calculations were performed using the BP86 functional and 6-
935311G basis set by Gaussian ’09 (revision D.01) and ORCA (3.0.3).
936The former is used for geometry optimization, time-dependent
937density-functional calculations, and Raman frequency calculations;
938the latter was used for spin Hamiltonian parameter calculation. Self-
939consistent field and geometry calculations were performed with default
940convergence criteria.
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986 Economiá y Competitividad (Project CTQ2016-78499-C6-1-R
987 and Unidad de Excelencia MDM 2015-0038) and Generalitat
988 Valenciana (Project PROMETEOII2015-002). XAS data were
989 collected on a Beamline 9-3 at the Stanford Synchrotron
990 Radiation Lightsource, SLAC National Accelerator Laboratory.
991 SLAC is supported by the U.S. Department of Energy (DOE),
992 Office of Science, Office of Basic Energy Sciences under
993 Contract No. DE-AC02-76SF00515. Use of the Beamline 9-3 is
994 supported by the DOE Office of Biological and Environmental
995 Research and the National Institutes of Health, National
996 Institute of General Medical Sciences (including
997 P41GM103393). We thank Professor Michael P. Hendrich
998 for valuable help with our EPR work. We appreciate
999 illuminating discussions with Dr. Shengfa Ye on computational
1000 aspects of the present work.

1001 ■ REFERENCES
(1)1002 Hohenberger, J.; Ray, K.; Meyer, K. Nat. Commun. 2012, 3, 720.
(2)1003 McDonald, A. R.; Que, L. Coord. Chem. Rev. 2013, 257, 414−428.
(3)1004 Ray, K.; Pfaff, F. F.; Wang, B.; Nam, W. J. Am. Chem. Soc. 2014,

1005 136, 13942−13958.

(4) 1006Groves, J. T. J. Inorg. Biochem. 2006, 100, 434−447.
(5) 1007Huang, X.; Groves, J. T. JBIC, J. Biol. Inorg. Chem. 2017, 22, 185−

1008207.
(6) 1009Sahu, S.; Goldberg, D. P. J. Am. Chem. Soc. 2016, 138, 11410−

101011428.
(7) 1011Kovaleva, E. G.; Lipscomb, J. D. Nat. Chem. Biol. 2008, 4, 186−

1012193.
(8) 1013Krebs, C.; Fujimori, D. G.; Walsh, C. T.; Bollinger, J. M. Acc.

1014Chem. Res. 2007, 40, 484−492.
(9) 1015Tinberg, C. E.; Lippard, S. J. Acc. Chem. Res. 2011, 44, 280−288.
(10) 1016Puri, M.; Que, L. Acc. Chem. Res. 2015, 48, 2443−2452.
(11) 1017Nam, W. Acc. Chem. Res. 2015, 48, 2415−2423.
(12) 1018Seo, M. S.; Kim, N. H.; Cho, K.-B.; So, J. E.; Park, S. K.;
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