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ABSTRACT: The reaction of TEMPO with the iron(I)
synthon PhB(MesIm);Fe(COE) leads to formation of the
k'“TEMPO complex PhB(MesIm);Fe(TEMPO). Struc-
tural and spectroscopic data establish the complex contains
divalent iron bound to a nitroxido anion and is
isoelectronic to an iron(Il) peroxo complex. Thermolysis
of the complex results in N—O bond homolysis, leading to
the formation of an iron(III) oxo intermediate. The oxo
intermediate is active in oxygen atom transfer reactions
and can be trapped by the triphenylmethyl radical to give
the iron(II) alkoxo complex PhB(MesIm),Fe(OCPh,).

thermolysis of a high spin iron(II) peroxide analogue. The
iron(III) oxo intermediate, which is not stabilized by hydrogen
bonding or Lewis acids, can be trapped by a carbon-centered
radical to provide an iron(Il) alkoxo complex and is also
capable of two electron oxygen atom transfer.

Reaction of the iron(I) synthon PhB(MesIm);Fe(COE)"
with TEMPO (where PhB(MesIm); = phenyltris(1-mesityli-
midazol-2-ylidene)borate, COE = cis-cyclooctene, TEMPO =
2,2',6,6"-tetramethylpiperidinyloxy radical) leads to the for-
mation of the yellow complex PhB(MesIm);Fe(TEMPO) 1, a
rare example of a late transition metal TEMPO complex.'” The
solid state structure of 1 (Figure 1A) reveals a four-coordinate

onheme iron dioxygenases and their model complexes

have attracted interest as potential green oxidants.'
Oxoferryl species are proposed as the key oxidizing
intermediates in the oxidation mechanism of these species.
There is spectroscopic evidence for the [FeV=0] unit in a
number of metalloenzymes.” In the case of model complexes,
the [Fe™'=0] unit has also been characterized by single-crystal
X-ray crystallography for § = 1° and S = 2* spin states.’

The reactivity of synthetic iron(IV) oxo complexes has been
extensively investigated.6 Depending on the supporting ligand,
these complexes oxidize a range of substrates by a number of
mechanisms. The hydroxylation of alkanes and oxidation of
alcohols in particular are proposed to involve initial hydrogen
atom abstraction by the iron(IV) oxo complex.®

An isolable iron(III) oxo complex, [Fe™"H;buea(0)]*", has
been reported, where Hibuea is the tripodal tris[(N"-tert-
butylureaylato)-N-ethylene]aminato ligand.” Spectroscopic and
computational investigations are consistent with a single Fe—O
o-bond that is stabilized by a hydrogen bonding network.® It is
possible that the hydrogen bonding network attenuates the
reactivity of the oxo ligand, which is reflected in the relatively
low thermodynamic driving force toward hydrogen atom
transfer.” In addition to this complex, electrochemical and
spectroscopic measurements implicate the formation of iron-
(II) oxo species upon one-electron reduction of iron(IV) oxo
complexes. These iron(III) oxos can be stabilized by Lewis
acids."’

Herein, we provide kinetic, reactivity, and computational
evidence for an iron(Ill) oxo species that is formed by the
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Figure 1. (A) X-ray crystal structure of 1. Thermal ellipsoids shown at
50% probability, hydrogen atoms, and most of the tris(carbene)borate
ligand omitted for clarity. Selected bond lengths (A) and angles (deg):
Fe(1)—O(1) 1.8710(1); Fe(1)—C(101) 2.099(2); Fe(1)—C(301)
2.135(2); Fe(1)—C(201) 2.139(2); O(1)—N(S01) 1.449(2);
N(501)—O(1)—Fe(1) 114.8(1); C(101)—Fe(1)—C(301) 89.17(8);
C(101)—Fe(1)—C(201) 88.14(8); C(301)—Fe(1)—C(201) 87.69(8).
(B) Mossbauer spectrum of 1 recorded at 77 K. Spectral parameters: §
=0.70 mm s~* with |AEq| = 1.42 mm s (C) Variable temperature dc
susceptibility data of 1 under an applied field of 1 T. The red line is a
fit to the data, yielding the parameters g = 2.15, IDI = 8.5 cmL
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iron atom bound to the oxygen atom of a x'-TEMPO ligand."
The long N—O bond length (1.499(2) A) and pyramidalized
nitrogen atom (sum of angles = 334°) of TEMPO are most
consistent with the reduction of TEMPO to [TEMPO]~,"
while the Fe—C bond lengths and C—Fe—C bond angles are
similar to other high spin four-coordinate iron(II) tris-
(carbene)borate complexes.'""® These structural data therefore
suggest that the iron(I) synthon reduces TEMPO by one
electron, yielding a high spin, four-coordinate iron(II) nitroxide
complex.

Mbssbauer spectroscopic and SQUID magnetometry meas-
urements confirm this oxidation state assignment. At 77 K, a
single quadrupole doublet is observed in the zero-field *"Fe
Mabssbauer spectrum at § = 0.70 mm s~ with |AEq| = 1.42 mm
s~ (Figure 1B). These spectral parameters are similar to those
observed for other high spin iron(II) tris(carbene)borate
complexes, e.g. for PhB(MesIlm);FeCl, § = 0.66 mm s,
|AEqg| = 1.83 mm s L.'5 Between 50 and 300 K, the magnetic
moment of 1 is temperature-independent with p.g = 526 pg
(Figure 1C). Together, these data support the assignment of a
mononuclear high spin (S = 2) iron(II) center in complex 1.

The solid state structure of 1 is maintained in solution.
Thirteen paramagnetically shifted resonances are observed in
the 'H NMR spectrum (see Supporting Information).
Interestingly, the number and relative integrations of these
resonances suggest that the TEMPO ligand is locked in the
chair conformation that is observed in the solid state structure,
presumably a consequence of the highly congested environ-
ment near the metal center. The solution magnetic moment
(peg = 4.7(3) pgp), determined by the Evans’ method, is also
consistent with a high spin (S = 2) state.

The combined structural and spectroscopic data therefore
support the assignment of a divalent iron center bound to an
anionic TEMPO ligand. The TEMPO ligand in 1 may be
considered as an analogue of the peroxide ligand; thus, this
complex is a model for the [Fe—OOR] unit, an intermediate in
the activation of O, by iron-containing metalloenzymes.'® It is
known that the O—O bond in these species is readily cleaved,
lead1iI11 18to the formation an oxidizing iron oxo intermedi-
ate.””

Thermolysis of 1 results in the formation of stoichiometric
amounts of 2,2',6,6"-tetramethylpiperidine along with multiple
paramagnetic products. The rate at which 1 disappears was
monitored by "H NMR in C¢Dy (8—46 mM). The reaction was
found to be first order with respect to the iron complex (k,
(446 + 0.06) x 107 s7! at 68 °C), consistent with an
intramolecular reaction. It is likely that thermolysis of 1 results
in homolysis of the N—O bond, similar to other examples
involving N—O bond cleavage in TEMPO."”*° The resulting
aminyl radical then abstracts hydrogen atoms from adventitious
He sources to yield 2,2',6,6-tetramethylpiperidine. Homolysis
of the N—O bond in 1 implicates the formation of an iron(III)
oxo intermediate, similar to other TEMPO deoxygenation
reactions that afford Re(V) and U(V) oxo complexes,
respectively.”’

This proposal is supported by electronic structure theory.
Specifically, density functional theory calculations with the
B3LYP exchange-correlation functional and SDD basis set
reveal that the formation of an iron(III) oxo complex by N—O
bond homolysis of 1 is thermodynamically favorable in THF
solution. Thus, for the formation of PhB(MesIm);Fe=0 (S =
5/2) along with the 2,2,6,6"tetramethylpiperidinyl radical, AG
= —7.3 keal/mol.*' By contrast, N—O bond heterolysis to give
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an iron(IV) oxo species and the 2,2',6,6-tetramethylpiperidinyl
anion is not thermodynamically favorable, with AG > +44.7
kcal/mol in THF.

The optimized structure of PhB(MesIm),Fe=0 (S = 5/2,
the lowest energy spin state) reveals the complex to have an

approximately 3-fold symmetry (Figure 2A). The Fe—O bond
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Figure 2. (A) DFT optimized structure of PhB(MesIm);Fe=0 (S =
5/2). Selected bond length (A) and angle (deg): Fe—O 1.717; B—
Fe—O 176.6. (B) Molecular orbital diagram for PhB(MesIm);Fe=0
(S = 5/2). Tris(carbene)borate mesityl substituents and phenyl group
have been omitted for clarity.

(1.717 A) is longer than observed in iron(IV) oxo complexes,
which are in the range 1.639(5)—1.680(1) A>**? However,
this bond is shorter than in the iron(IIT) complex [Fe™H;buea-
(0)]* 1.813(3) A, which has a single 6-bond,® and thus the
Fe—O bond order in PhB(MesIm);Fe=0 is likely to be
between 1 and 2. The frontier orbitals are calculated to be
similar to those reported for four-coordinate iron(IIl) imido
complexes (Figure 2B).>* Notably, the three highest occupied
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Scheme 1. Synthesis and reactivity of PhB(MesIm);Fe=0"
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“Inset: Molecular structure of complex 2, thermal ellipsoids shown at 50% probability. Selected bond lengths (A) and angles (deg): Fe(1)—O(15)
1.814(1); Fe(1)—C(11) 2.118(1); Fe(1)—C(12) 2.118(1); Fe(1)—C(13) 2.098(1); O(1)—C(15) 1.388(2); Fe(1)—0(15)—C(15) 160.8(1);
C(11)—Fe(1)—C(12) 89.03(5); C(11)—Fe(1)—C(13) 88.11(5); C(12)—Fe(1)—C(13) 89.20(5).

orbitals show substantial Fe—O antibonding character,
suggesting an Fe—O bond order of 3/2. The spin density at
the oxo ligand (0.85) indicates that oxyl radical character also
likely contributes to the electronic structure.

The iron(Ill) oxo intermediate can be trapped by the
triphenylmethyl radical. Thus, heating 1 in the presence of
Ph,C=C¢HCPh;,** a source of the triphenylmethyl radical,
results in quantitative formation of the alkoxo complex
PhB(MesIm);FeOCPh; 2 along with stoichiometric 2,2/,6,6-
tetramethylpiperidine. The complex was characterized in the
solid state by single crystal X-ray crystallography, revealing a
four-coordinate iron alkoxo complex (Scheme 1, inset). The 'H
NMR spectrum of 2 is consistent with the solid state structure;
eleven paramagnetically shifted resonances with appropriate
relative integrations are observed in the spectrum. The
magnetic moment of the complex, g = 4.7(3) BM, as
measured by Evans’ method, is consistent with high spin
iron(1I).

The rate at which 1 decomposes is unchanged when
thermolysis is conducted in the presence of excess Ph,C=
CeH CPh; (ks = (7.1 + 0.3) X 107* s71).*® These results are
highly suggestive of a mechanism that involves rate limiting
formation of an iron(Il) oxo complex by N—O bond
homolysis, followed by a rapid reaction with the triphenyl-
methyl radical to yield 2 (Scheme 1).

Finally, the iron(Ill) oxo intermediate is active in two-
electron oxygen atom transfer reactions. While no reaction is
observed with either cyclooctene or PPh;, the latter presumably
due to steric constraints,”® PMe,Ph is oxidized to the
corresponding phosphine oxide in 50% yield (Scheme 1).

In conclusion, structural and spectroscopic characterization
of a four-coordinate iron(II) TEMPO complex reveal it to be
isoelectronic to an iron(Il) peroxide. Kinetic experiments,
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supported by electronic structure theory, show that, upon
thermolysis, N—O bond homolysis occurs to produce an
iron(1II) oxo intermediate, a reaction pathway that is analogous
to that of iron peroxides.
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