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Oxoiron(V) species are postulated to be involved in the mechan-
isms of the arene cis-dihydroxylating Rieske dioxygenases and
of bioinspired nonheme iron catalysts for alkane hydroxylation,
olefin cis-dihydroxylation, and water oxidation. In an effort to
obtain a synthetic oxoiron(V) complex, we report herein the one-
electron oxidation of the S = 1 complex [Fe'V(O)(TMC)(NCCH3)]%*
(1, where TMC is tetramethylcyclam) by treatment with tert -butyl
hydroperoxide and strong base in acetonitrile to generate a meta-
stable S = 1 complex 2 at —44°C, which has been characterized by
UV-visible, resonance Raman, Méssbauer, and EPR methods. The
defining spectroscopic characteristic of 2 is the unusual x/y aniso-
tropy observed for the >’Fe and 70 A tensors associated with the
high-valent Fe=0 unit and for the '*N A tensor of a ligand derived
from acetonitrile. As shown by detailed density functional theory
(DFT) calculations, the unusual x/y anisotropy observed can only
arise from an iron center with substantially different spin popula-
tions in the d,, and d,, orbitals, which cannot correspond to an
Fe'V=0 unit but is fully consistent with an S = 1 FeV center, like that
found for [FeV(O)(TAML)]~ (where TAML is tetraamido macrocyclic
ligand), the only well-characterized oxoiron(V) complex reported.
Mass spectral analysis shows that the generation of 2 entails the
addition of an oxygen atom to 1 and the loss of one positive
charge. Taken together, the spectroscopic data and DFT calculations
support the formulation of 2 as an iron(V) complex having axial oxo
and acetylimido ligands, namely [FeV(O)(TMC)(NC(O)CH3)]*.
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Formally oxoiron(V) oxidants are postulated in the catalytic cy-
cles of several iron enzymes that carry out difficult oxidations.
Most prominent of these are cytochromes P450, which can hydro-
xylate strong C—H bonds (1-3), even those of methane (1, 2).
Recent evidence has demonstrated that the active oxidant can
be best described as having an oxoiron(IV) unit supported by
a porphyrin cation radical (4). On the other hand, the Rieske di-
oxygenases activate O, at an active site with a 2-His-1-carboxylate
facial triad motif to effect the cis-dihydroxylation of C=C bonds
in the biodegradation of aromatic complexes (5). For these non-
heme iron enzymes, the proposed FeV=0 oxidant is as yet un-
observed. However, unlike the porphyrin ligand in cytochrome
P450, none of the ligands in the nonheme iron active site appears
likely to undergo one-electron oxidation to stabilize the high-va-
lent state. Fe V=0 oxidants are also implicated in alkane hydro-
xylation (6, 7), olefin epoxidation and cis-dihydroxylation (8-10),
and water oxidation (11) by bioinspired nonheme iron catalysts
supported by neutral tetradentate ligands, and direct evidence
for the formation of oxoiron(V) oxidants has been obtained in
two cases by mass spectrometry (10, 12). Despite the wealth of
synthetic oxoiron(IV) complexes identified during the last decade
(13), to date there is only one spectroscopically well-character-
ized example of an oxoiron(V) complex, [FeV(O)(TAML)]~
(where TAML is tetraamido macrocyclic ligand), which is stabi-
lized by the tetraanionic nature of the TAML ligand (14). Given
the ligand environments of the Rieske dioxygenases and the syn-
thetic iron catalysts, we have been investigating the feasibility of
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generating an oxoiron(V) complex supported by a polydentate
ligand of lower charge. Toward this end, we have focused on the
one-electron oxidation of the oxoiron(IV) complex [Fe!V(O)
(TMC)(NCCH3;)]%** (1, see Fig. 1), where the oxoiron(IV) moiety
is supported by the neutral macrocyclic tetramethylcyclam
(TMC) ligand (15). We chose complex 1 as a starting point for
this effort because it is structurally well-characterized and exhi-
bits good thermal stability. One-electron oxidation of 1 could be
effected by the addition of fert-butyl hydroperoxide and strong
base, and our observations are reported herein.

Results and Discussion

The reaction of 1 in CH;CN at —44°C with at least three
equivalents '‘BuOOH followed by the addition of 1-2 equivalents
strong base (KO‘Bu or NBuy;OH) generates an orange complex
(2) that exhibits distinct UV-visible features at 410 nm (e =
4,000 M~'cm™!) and 780 nm (¢ =430 M~!cm~') (Fig. 24).
Subsequent addition of five equivalents strong acid, e.g., HBF,
or HCIO,, produces a green species (2-H™) associated with spec-
tral features at 425 nm (e = 4,100 M~'cm~!), 600 nm (e =
680 M~'cm™!), and 750 nm (e =530 M~'cm™!) (Fig. 24).
(The molar extinction coefficients shown are based on samples
for which Mdossbauer quantification of the relevant chromo-
phores has been carried out.) Reaction of 2-H* with an excess
of strong base readily regenerates 2, indicating that 2 and 2-H*
comprise a conjugate acid/base pair. These complexes are gener-
ated in approximately 50% yield relative to 1, as determined by
Mossbauer spectroscopy (vide infra). Unlike 1, which is stable in
MeCN at —44°C, 2 and 2-H* decay with ¢,,, = 60 and 30 min,
respectively. Notably, both 2 and 2-H™ are S = § species that ex-
hibit very similar thombic EPR spectra (Fig. 24, Inset) with
Zave ~ 2.0, suggesting that the § = 1 species 1 has undergone one-
electron oxidation to form 2.

The resonance Raman (rR) spectra of 2 and 2-H* obtained
with 413-nm excitation show features associated with an Fe=O
unit. Complex 2 exhibits an intense vibrational feature at
798 cm~! with an associated overtone at 1,587 cm~! (Fig. 2B);
corresponding features for 2-H" are observed at 811 and
1,613 em~!. All four features downshift when '8O-labeled 1 is
used as the precursor; the observed downshifts are in accord
with values calculated for an Fe=O diatomic oscillator using
Hooke’s law (e.g., Av = —35 and —-36 cm™!, respectively). The
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Fig. 1. Proposed steps in the one-electron oxidation of 1.

observed vibrational frequencies of 798 and 811 cm™! fall at the
low end of the range of Vg.—o values previously observed for 1
(839 cm™') and its axial-ligand-substituted derivatives [Fe!V(O)
(TMC)(N;)]* (814 cm™') and [Fe!V(O)(TMC)(CF;CO,)]*
(854 cm~!) (16). Thus the lower Vg.—g’s of 2 and 2-H* suggest
the presence of a highly basic trans anionic ligand that weakens
the Fe=0O bond.

To obtain further insight into the nature of the S = % species,
we have studied samples of 2 and 2-H " with Mossbauer spectro-
scopy. In a typical sample, 2 and 2-H™" represented 40-55% of the
total Fe in a sample. Fig. 34 shows a 4.2 K Mdssbauer spectrum
of 2 recorded in a 50 mT field applied parallel to the observed y
rays. In addition to 2, which accounts for approximately 55% of
Fe, the sample contained several S =1 Fe!V species yielding
quadrupole doublets for 1 (green, AE, = 1.23 mm/s, § =
0.17 mm/s, approximately 8%), [Fe'V(O)(TMC)(OH)]* (1-OH:
blue, AE, = 0.16 mm/s, 8 = 0.15 mm/s, 16%), and an uniden-
tified Fe™ species (AEp ~ 0.6 mm/s, 8 ~0.15 mm/s, ~10%).
There is also a high-spin Fe™"! species (g ~ 6.9, 5.1, ~10%), which,
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Fig. 2. Spectroscopic data for 2 and 2-H*. (A) UV-visible spectra of 1 (black
dashed line), 2 (thick red line), and 2-H* (blue solid line) collected at —44 °C.
(Inset) EPR spectra of 2 in CD3CN and 2-H* in 1:9 CH3CN: CH,Cl,. (B) Reso-
nance Raman spectra of 2 (Left) and 2-H* (Right) collected at 77 K using 413-
nm laser excitation for frozen solution samples prepared with '°0 (black line)
and '80 (red line). Acetonitrile solvent peaks are marked as “s”.
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fortunately, absorbs mostly outside the spectral region of 2. Simi-
larly, the sample of 2-H" studied here contained the following
species: § =1 complex 2-H* (41%), two S =1 complexes 1
(27%) and 1-OH (2%), and S=5/2 Fe (30%, see SI
Appendix).

The presence of multiple contaminants in the sample for 2
complicates the analysis of the § = 1 species of interest. However,
two Mossbauer attributes allow us to uniquely associate a spectral
component with the § = § species, and to eliminate the § = 1 and
S :% contaminants. First, we can record spectra by applying a
weak (e.g., 50 mT) magnetic field either parallel or perpendicular
to the observed y rays. If the intensities of the absorption lines are
different between parallel and perpendicular field, the species
must be associated with an EPR active species; in this
way a unique association between an § =1 EPR signal and a
Mossbauer spectral component is established. Second, for a dif-
ference spectrum thus taken, all contributions from species yield-
ing quadrupole doublets cancel, leaving us with the analysis of a
pure S = { paramagnetic species. This procedure yielded the dif-
ference spectrum of Fig. 3B, which represents 2.

To simulate the Mossbauer and EPR spectra, we used the
S =1 spin Hamiltonian, as follows:

# =gPfBeS+SeA(°’Fe)el—g,p,Bel
+ o +2,SeAn)el(n), [1]

o
-
|

Absorption (%)

-6 -4 -2 0 2 4 6
Velocity (mm/s)

Fig. 3. A 4.2 K Mossbauer spectra of 2 and 2-H*. Mossbauer spectra of
samples containing 2 (A) and 2-H" (C) recorded in a 50 mT field applied par-
allel to the observed y rays. (B) Difference spectrum parallel minus perpen-
dicular, representing 2, obtained with 50 mT applied fields. Red lines are
simulations for 2 and 2-H " based on Eq. 1, using the parameters listed below
and in Table 1. The major FeV=0 contaminants are shown by the green (1)
and blue (1-OH) lines. The black solid line in A is a spectral simulation for the
sum of 2 (55% of Fe), 1 (8%), and 1-OH (16%). The doublets in C represent
27% of 1 and 2% of 1-OH. The arrows in C point to absorption due to a
high-spin Fe'" contaminant (30%). The 8, AE,, and n values used in the simu-
lations are +0.10(4) mm/s, —0.5 mm/s, and -3, respectively, for 2 and
+0.10(4) mm/s, —0.2 mm/s, and -3, respectively, for 2-H*.
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Table 1. g- and A-tensors (in megahertz) experimentally observed for 2, 2-H*, and [FeV(O)(TAML)]'~ and calculated for 2 and 2-H*

g A (7Fe) A (70) A (N
Compound X y z X y z X y z X y z
HRP Cpd | - - - —26%  —26* —g* 35 36" ND - - -
1 - - - —28* 28 -4 —27° 275 461" - - -
2 2.053 2.010 1971 -47Q) -17Q2)  0(5) 25(15)  128(3)  ~20 2920 113 113)
2 (DFT) ! 2.03 2.00 197  -435 -185 33 -1.0 -708 757 393 108 6.1
2-HT 2.054 2.011 1975 —47Q) -17Q)  0()  25(15)** 133(3) 23(10) 30Q)** 11(3) 10(3)
2-H* (DFT)! 2.03 2.00 197  -451 -140  -6.0 18.4 —91.4 847  -3551 _12 39
FeV(O)(TAML)] - 1.99 1.97 174  -493  -15 -163 ND ND ND - - -
\ 1-1t +t

ND, not determined.
*From Mossbauer data analyzed with an S = 1 Hamiltonian (34).
'From ENDOR data, S =1 (19).

*Refit of Méssbauer data reported in ref. 15 using g values and zero-field splitting parameters derived from more recent high-field EPR data reported

in ref. 35.
SThis work; B3LYP calculations yield a good match for A(*’Fe).

"This work; data analyzed with Eq. 1; 4.2 K Méssbauer spectra recorded at 2.0, 4.0, and 8.0 Tshow that A, (°’Fe) and A, (*’Fe) of 2and 2-H* are negative, see
SI Appendix, Fig. S4. The z axis is along the Fe—O bond in all systems. Results for 2 apply to the majority species.
Ivalues for the 2(Fe") model obtained from DFT calculations using BP86 functionals (see below).

**Relative to g,
"From ref. 14.
*Correcting A, for the orbital contribution, which is proportional to (g, —

where A(°’Fe) is the *’Fe magnetic hyperfine tensor, I is the
3"Fe nuclear spin operator, and % describes the >"Fe quadru-
pole interaction. As needed, the last term will be used to describe
ligand hyperfine interactions observed by EPR; n = N, PN, or
170. From extensive simulations of the spectra of 2 and 2-H™,
we obtained the parameters listed in Table 1 and SI Appendix,
Fig. S6. Both 2 and 2-H™" exhibit the same isomer shifts within
the uncertainties, namely & = +0.10(4) mm/s. The & values are
smaller than those reported for S = 1 FelV(O)(TMC) complexes
(range 0.15-0.19 mm/s) (16), suggesting that the oxidation state
of the iron site in 2 and 2-H* is above Fe!V. More importantly, 2
and 2-H™ exhibit unusual 3’Fe A tensors with large x/y anisotro-
py, suggesting an electronic structure that differs significantly
from that of 1.

We have conducted extensive EPR studies of 2 and 2-H*. The
use of glassing solvent mixtures (1:3 CH3;CN:CH,Cl, or 1:3
CH;CN :butyronitrile) sharpened the spectra considerably
(4 G linewidth). The higher resolution provided decisive clues
about the ligand structure of 2 and 2-H*, as well as important
magnetic hyperfine structure data. Selected spectra are displayed
in Fig. 4. We found that 2 reproducibly displayed two S = 1 spe-
cies in essentially constant proportions (ca. 2:1 in all prepara-
tions studied); the minority species is recognized by a shoulder
on the high-field feature in Fig. 44. Our studies revealed that
these two species did not differ in any significant way. The minor
species, 2™, has g-values at 2.05, 1.99, and 1.96. As 2-H" was
found to be free of EPR-active contaminants in the g =2.0
region, we focus here on this species. (EPR analysis of 2, summar-
ized in Table 1 and detailed in the SI Appendix, afforded similar
conclusions.) For 2-H* (Fig. 4B), the signal at g, = 2.054 exhibits
a 1:1:1 hyperfine triplet, corresponding to a single N nucleus
with [A,("N)| = 28.5 MHz and |A, ,('*N)| = 11 MHz (the signs
of A,,. cannot be determined by EPR). A nearly identical
pattern can be discerned in the spectrum of 2 shown in Fig. 44.
This splitting pattern changed to a 1:1 doublet with |A,(PN)| =
40 MHz (Fig. 4C) when 2-H' was prepared using 1:3
ISNCCH,; : CH,Cl, as solvent, unequivocally demonstrating that
the observed hyperfine structure arises from a nitrogen atom de-
rived from acetonitrile. This procedure yielded the parameters
listed in Table 1.

Species 2-H obtained from '7O-labeled 1 gave rise to a spec-
trum for which the (middle) g = g, = 2.01 feature was split to
afford satellite features at both low and high field (Fig. 4F); these
features arise from '7O superhyperfine splitting with |A, ('7O)| =
133 MHz. We have studied two preparations, with 170 enrich-
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A('70) and A(*N) are rotated 8° around the z axis of the g-tensor.

2), would yield A, ~0.

ment of 10% and 30%; a spectrum of the latter shown in Fig. 4E.
To analyze this spectrum we have taken the results of the fit of
Fig. 4B and added an 7O hyperfine tensor. After obtaining a suf-
ficient understanding of the splitting pattern, we have fitted the
spectrum, visually focusing on the resolved two high-field peaks
and the low-field feature. The simulation of Fig. 4F (plotted for
100% '7O enrichment) indicates the complexity of the spectrum,
which stems to a major extent from the fact that the 7O splitting
along y does not belong to a unique direction and that the split-
ting covers the entire Ag range. The final fit, obtained after ex-
ploring tensor rotations, gives a good value for A,('70) and an
upper limit for A,('70). Although the calculated intensity for the
low field feature is a bit high, the fit could be improved by increas-
ing A,('70) together with a distribution of that parameter.
Lastly, the 3"Fe-enriched sample (Fig. 4D) exhibits significant
broadening of the g, feature corresponding to |A,(°’Fe)| =
40 MHz, a value in good agreement with the largest A-tensor
component of —47 MHz observed in the Mdssbauer spectra of
2 and 2-H" (EPR can only give the magnitude of the A-values);
our EPR spectral simulations show that A, and A, are at least a
factor of two smaller than A,. Most importantly, the EPR spectra

A2 D S57Fe-2-H*
— e -~ r"_wv
B 2-n* E '"o-2-H*
C "5N-2-H* F
_/\V/\r’\/L/\ f\\ ‘/____
Vv

T
330 340 350 360 330 340 350 360

B (mT)

Fig. 4. X-band EPR spectra of 2 and 2-H*. Experimental data (solid black
lines) obtained in 1:3 CH3CN:butyronitrile (A, B, D, E) or 1:3
CH3CN: CH,Cl, (C€) and recorded at 40 K. The conditions are, as follows:
9.62 GHz; microwave power, 20 uW; modulation, 0.3 mT. The red lines are
theoretical curves generated with the parameters listed in Table 1. The
70 enrichment in E, obtained from EPR, is ~30%. For 2 only the simulation
for the majority species is shown. F shows the spectral simulation of 2-H*
assuming 100% 70 enrichment.
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of the 3’Fe-enriched sample establish that the largest 5’ Fe A-ten-
sor component is along x, the same direction for which the largest
4N splitting is observed. It should be noted that the EPR spectra
establish a spatial correlation between the dominant components
of the 3’Fe, 70, and '“N hyperfine tensors that provides insight
into the electronic structure of 2 and 2-H™.

Our accumulated spectroscopic data suggest that 2 and 2-H*
are one-electron oxidized derivatives of 1 and consist of a
(TMC)Fe=0 unit with an axial ligand derived from acetonitrile.
In Fig. 1, we propose that 2 is formed by the attack of the ¢-bu-
tylperoxide anion on the bound acetonitrile to form a peroxyimi-
dic ester intermediate (17) that then undergoes homolytic
cleavage of the O—O bond. To verify that homolysis occurs in this
instance, we replaced ‘BuOOH with 2-methyl-1-phenylpropan-2-
yl hydroperoxide (MPPH), a useful mechanistic probe to distin-
guish between homolytic and heterolytic O—O bond cleavage
(18). Although substitution of MPPH for ‘BuOOH did not dimin-
ish the yield of 2, product analysis by GC showed quantitative
conversion of MPPH to benzaldehyde. This result demonstrates
that O—O bond homolysis occurs to generate 2. The formulation
of 2 as shown in Fig. 1 is supported by low temperature electro-
spray ionization (ESI)-MS studies of 2 that reveal a feature at
m/z 385.2, consistent with the formulation of 2 as [Fe(O)
(TMC)(NCCH;) + O]t (SI Appendix, Figs. S8 and S9). This fea-
ture shifts to m/z 388.2 upon preparation of 2 in CD;CN and
disappears after the sample is allowed to decay. We postulate
in Fig. 1 two possible limiting electronic descriptions for 2: an
oxoiron(IV) unit with an axial acetaminyl radical ligand
(2(FeV Ne)) at one end, and an iron(V) center with trans oxo
and acetylimido ligands (2(Fe")) at the other end. Our efforts
to refine electronic descriptions for 2 and 2-H" more precisely
are discussed below.

The unusual A-tensor anisotropies in the xy plane listed in
Table 1 for 2 and 2-H™ indicate that their electronic structures
must be significantly different from that of 1. The 3’Fe and
170 tensors of 1 as well as those of horseradish peroxidase com-
pound I, an § = 1 FeV=0 species antiferromagnetically coupled
to a porphyrin radical (19), are axial with respect to the Fe=0O
bond, the z axis in our coordinate frames. The axial anisotropy
observed reflects the (d,,)'(d,,)" electronic configuration asso-
ciated with the S = 1 Fe!V=O unit. In contrast, 2 and 2-H* have
drastically different A-tensor components along x and y, indicat-
ing substantially different unpaired spin densities on the d,, and
d,. orbitals. This distribution can be achieved by transferring the
electron from d,, to the p, orbital of the aminyl ligand to create
an Fe V=0 center with a trans imido ligand, a notion supported by
the similar >’Fe A-tensor anisotropy observed for the bona fide
FeV=0 complex [FeV(O)(TAML)]~ (Table 1) (14).

Density functional theory (DFT) studies of 2 and 2-H" lend
substantial support to the above conclusion (see SI Appendix,
Tables S1-S7 for full computational details). For comparison,
DFT calculations were also carried out for the experimentally
characterized complexes 1 and [FeV(O)(TAML)]~ as well as
the hypothetical iron(V) species 1,, (a computational model ob-
tained by removing one electron from 1; italics denote purely
computational models). The use of the hybrid functional B3LYP
led to the 2(Fe!V Ne) description, which is similar to that re-
ported for HRP Cpd I, but with the radical trans rather than
cis to the oxo group. This Fe'V-aminyl radical description with
an iron (d,,)'(d,,)" electron configuration predicts 2 and 2-H "
to have essentially axial >’ Fe and '7O A-tensors, inconsistent with
the experimental data. In stark contrast, the use of the pure func-
tional BP86 generated the 2(Fe") limiting description with an
iron (d,,)"'(d,,)" electron configuration and yielded solutions that
reproduce the observed anisotropies of the 3’Fe A-tensor and
rationalize the essential features of the entire dataset. In this
model, the acetaminyl radical becomes an acetylimido ligand,
and 2 and 2-H* are best formulated as complexes having
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[O=FeV=NR]™* units (see Fig. 1). The dependence of the calcu-
lated ground state on whether a hybrid (B3LYP) or pure (BP86)
functional is used may be related to the propensity of Hartree-
Fock exchange to stabilize high spin states in the case of the for-
mer functional. A similar dependence on the type of functionals
used has been reported for the description of electronic struc-
tures of {FeNO}’ and {FeO,}? complexes, systems involving
a noninnocent ligand radical (see for example refs. 20 and 21).
In all cases, the functional chosen for further investigation most
closely reproduced the experimentally observed spectroscopic
parameters to generate an experimentally validated computa-
tional model.

Table 2 compares the unpaired spin populations calculated for
key orbitals of several complexes. Interestingly, although the d,,
spin population remains more or less constant at about 0.58
across the series, the d,, spin population is equal to the d,, spin
population for 1 and 2(Fe’" Ne) but decreases progressively for
2(Fe"), 1,, and [FeV(O)(TAML)]~. As viewed from the
progression of d,, spin density listed in Table 2, the electronic
configuration of 2 more closely resembles that of 1, and
[FeV(O)(TAML)]~ than of 1 and 2(Fe!” Ne). Because the trans-
fer of electron density from the metal d,, orbital to the singly oc-
cupied p, orbital of the acetaminyl radical is not complete, the
axial nitrogen retains a net f§ spin population in p, (n = —0.30),
which is much smaller than the value (n = —0.85) calculated for
2(FelV Ne). Consistent with these ideas, the Mulliken Fe spin
populations for 2(Fe") and 2(Fe")-H™* are calculated to be
0.86 and 0.77, respectively, which is lower than the 1.30 value cal-
culated for 1. The expectation value of the operator S? provides
quantitative insight into the oxidation state predicted by DFT.
The 2(Fe") model was found to have (¥gpge|S%|Wppss) = 0.94,
which is close to the ideal value of S(S + 1) = 0.75 for § = 1 FeV
but considerably smaller than the value of 1.75 anticipated
for the broken symmetry state (BS) of 2(Fe!V Ne). Using the ex-
pansion |Wgpgs > = c|Fe’, S=1>+(1-c?)!/?|Fe!" Ne, BS >
and the expectation values (S =1/2|S?|S=1/2)=0.75 and
(BS|S?|BS) = 1.75, we obtain ¢? = 0.81 from (¥ppge|S%|Wppss) =
0.75 ¢* +1.75(1-c?) = 0.94. As spin unrestricted calculations
show always some degree of spin contamination, the FeV char-
acter of 2 (and 2-H™) is greater than 80%.

If we view 2 and 2-H* as FeV complexes, the spin densities at
the axial ligand atoms must originate from covalent spin polar-
ization (22). Interaction of the oxo O(p,) electron pair with
the Fe(d,,) orbital results in partial transfer of a § oxo electron
to pair off some of the a spin density associated with the unpaired
Fe(d,.) electron, leaving a net a spin population in O(p,) (blue in
Fig. 5). The imido N(p,) electron pair transfers net o spin density
to the empty Fe(d,,) orbital, guided by Hund’s rule, leaving a net
p spin population in N(p, ) (red in Fig. 5). The electron pair in the
out-of-plane N(p,) orbital of the imido ligand is calculated by
DFT to be 10,000 cm™' lower in energy than the redox-active
in-plane N(p,) orbital and thus is much less involved in covalent
delocalization to the metal.

Table 2. Calculated unpaired spin populations n = n,-n; of Fe-d,,,
Fe-d,,, and N,.-px orbitals

FeV(O)(TAML)* 1o (FeY)" 2(FeY)* 1 2 (FeNe)
Fe-d,, 0.07 0.15 0.23 058 0.58
Fe-d,, 0.57 0.63 053 058 0.58
Naxial-Px - ~0 030 0 -0.85

*Tiago de Oliveira et al. (14).

'Computational model obtained by removing one electron from 1.

*BP86 solution.

SB3LYP solution, S = 1 Fe'V=0 coupled to S = 1/2 radical on N of axial ligand.
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[Fe(O) (TAML)]

Fig. 5. Spin density plots of geometry optimized BP86 solutions for 2(Fe"),
1ox, and [Fe(O)(TAML)] . The plot for 2(Fe"), shown in two views, reveals the
contours of the orbitals carrying spin density. From top to bottom, p, (N,y),
d,, (Fe), and p, (70). For 1,,, the TMC ligand has been rotated by approxi-
mately 90° around the Fe=O bond relative to the orientation shown for
2(Fe"). Majority spin a in blue; minority spin g in red.

The resulting spin densities shown in Fig. 5 rationalize the
spatial pattern observed in the A-tensors for 70, 3’Fe, and *N.
Thus, the net p spin population of the N(p,) gives a magnetic
hyperfine tensor with a large component along x and two smaller
components along y and z for 2 (and 2-H™), with calculated A, ,,
values of (-39, 11, 6) MHz for '“N in good agreement with the
data. The net o spin population of Fe(d,,) produces a spin-dipo-
lar hyperfine contribution with a large negative component along
x, which together with the negative Fermi contact term yields a
magnetic hyperfine tensor of which the dominant component
is along x; the calculated A, values of (—44, —19, 3) MHz
(Table 1) are also in excellent agreement with the results obtained
for 2 and 2-H™. Finally, the net a spin population of O(p,) gives
an 'O A-tensor that has a large component along y, with A, ,
values of (=1, =71, +76) MHz. The agreement for 7O between
experiment and calculatlons is not as good as that for ’Fe and
N; A, is still too small and A, comes out too large but, impor-
tantly, the calculated tensor lacks axial symmetry around z and
exhibits the x/y anisotropy observed experimentally. Finally,
the g-values calculated for 2(Fe"’) and reported in Table 1 match
both in magnitude and direction the experimental data for 2
and 2-H ™. Thus the congruence of the experimental EPR results
with the 2(Fe") model provides a strong rationale for the de-
scription of 2 and 2-H* as FeV complexes.

2 2
o 17 o 1 o 17
1.603 I 170111, 1.658 Il |,
Fe'L Fe'L Fe'L
2.006 | 1.781 il 1.813 il
N N N
1.180 i 1.338 l 1.285 | |
1.445 ? 1.304 J\1.512 1 403 /\1 509
’ Me (@) Me Me
Tox 2 2-H*

Vre=o (calc) 944 cm™ 785 cm™ 829 cm™

Fig. 6. Calculated geometric and spectral parameters for the energy-
minimized BP86 models 1., 2, and 2-H*. Bond lengths are reported in ang-
stroms “L” denotes the TMC ligand.

Van Heuvelen et al.

In contrast, the Vg frequencies hint at an Fe!V oxidation
state for 2 and 2-H" and therefore may at first glance favor
2(Fe'VNe) over 2(Fe"). It should be noted, however, that
Vge=0 18 a spectroscopic parameter that reflects the length of
the Fe-oxo bond (23) The Fe—O bond in the DFT model

2(Fe”) (1.70 A) is longer than the oxoiron(V) bond in 1,
(1.60 A) and the oxoiron(IV) bond in 1 (1.66 A) due to deloca-
lization of electron density over the oxoironimido moiety* (see
Fig. 6) and is therefore predicted to exhibit a lower Vg.—o than

. The 2(Fe") model predicts Vp—o values of 785 cm™! for

( ") (Vexp =798 cm™') and of 829 cm™' for 2(Fe')-H
(Vexp = 811 cm™") in excellent agreement with the trend ob-
served in our experimental data, indicating that the imido ligand
exerts a sizable frans influence on the Fe—O unit.

Similarly, the weaker Fe=0O bonds of 2 and 2-H* are expected
to give rise to higher Mdssbauer isomer shifts, as this spectro-
scopic parameter reflects the 3 s electron density at the 3’Fe nu-
cleus and the extent to which the 3 s electrons are shielded by 3d
electrons. Thus, we expect the & value of 2 to be more positive
than that of an FeV complex with an O=Fe—NCCH; unit. As a
further test of the #rans influence of the O=Fe=N—C(O)—R unit
on the value of §, we calculated the properties for the hypothe-
tical 1-electron reduced 2 (denoted 2,.4) and obtained an Fe—O
bond length of 1.767 A, which is 0.10 A longer than the Fe—O
distance 1.664 A calculated for 1. The increase in bond length
is indeed accompanied by an increase of the & value by
0.09 mm/s and a 164 cm™! decrease in Vp—p. The significant
trans influence of the acetylimido ligand is also manifested in
the comparison of the calculated values for 2(FeV) (rpe_o =
1.701 A 8 =0.03 mm/s, Vge—o = 785 cm~!) and 1,, (rp._o =
1.603 A, 8 = —0.08 mm/s Vpe—o = 944 cm™!). These calcula-
tions support our view that vg._o and & are poor indicators
for the oxidation state of 2 and 2-H™", without properly account-
ing for the #rans influence of the axial ligand. Judged from the full
data set, 2 and 2-H™* are best described as FeV complexes.

The characterization of 2 and 2-H" reported in this paper in-
creases to three the number of synthetic oxoiron(V) complexes
for which detailed spectroscopic and electronic structure infor-
mation is available. Such complexes demonstrate that it is possi-
ble to stabilize such a high-valent state in an iron coordination
complex. For [FeV(O)(TAML)]", the iron(V) oxidation state
was achieved by the use of a tetraanionic tetraazamacrocyclic
ligand that mitigates the high charge of the metal center (14).
In contrast, 2 and 2-H* are supported by a neutral tetraazama-
crocycle, so the stabilization of the iron(V) state, it would seem,
must derive from the presence of the charged axial oxo and imido
ligands. The structure we favor for 2 is closely related to that of
[MnV(O),(TPFPP)]~ [where TPFPP is meso-tetrakis(pentafluor-
ophenyl)porphinate dianion], which is the only known example of
a first row transition metal containing an [MV(O),] moiety (24).
Examples of nitridoiron(V) and nitridoiron(VI) complexes have
also been reported, demonstrating the ability of the N3~ ligand to
allow access to high-valent iron complexes, even with supporting
polydentate ligands that are neutral or monoanionic (25-29).
Lastly, the characterization of 2 and 2-H" demonstrates the pos-
sibility of a neutral nonheme ligand to support an Fe(V) center
and lends credence to mechanistic proposals for FeV(O)(OH)
oxidants in arene cis-dihydroxylation by Rieske dioxygenases
(5) and in alkane, olefin, and water oxidation by a series of bioin-
spired synthetic iron catalysts (6-9, 11). For the latter, evidence
for the fleeting iron(V) intermediates has been obtained from low

*Unfortunately, our Raman experiments have not been able to identify vibrational modes
that can be associated with the Fe=NR unit. This result may not be surprising, as
vibrational data are also not available for the only previously reported six-coordinate
Fe=NR complex (32), although Raman data for four-coordinate Fe=NR complexes have
been obtained (33).
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temperature spectroscopic analysis of catalytic reactions by EPR
(30, 31) and by mass spectrometry (10, 12).

Experimental Procedures

Preparation of 1, 2, and 2-H". All reagents and solvents were pur-
chased from commercial sources and used as received unless
otherwise noted. As previously reported (15), a solution of
[Fe''(TMC)(O5SCF3)] in acetonitrile was reacted with 1.2
equivalents of PhIO solubilized in methanol to obtain 1 in quan-
titative yield, as monitored by the appearance of its distinctive
chromophore at 820 nm. Compound 2 was prepared at —44 °C
in acetonitrile by the addition of at least three equivalents of
tert-butyl hydroperoxide followed by the addition of 1-2 equiva-
lents of NBu,OH or KO’Bu. Subsequent addition of at least five
equivalents of strong acid, HBF, or HCIO,, yielded 2-H*. Forty
percent '7O-enriched H,O was used to prepare the 7O EPR
samples.

Physical Methods. A Hewlett Packard 8453A diode-array spectro-
meter equipped with a Unisoku Scientific Instruments cryostat
to maintain a constant temperature was employed to collect elec-
tronic absorption spectrum. Resonance Raman spectra were gen-
erated via excitation with Kr*™ and Ar™ lasers (Spectra Physics
BeamLok 2060-RM) with a power of <10 mW at the samples,
and the spectra were collected using an ACTON AM-506M3
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