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Dioxygen activation by mononuclear iron oxygenases in general requires two electrons and
protons to facilitate the reductive cleavage of the O-O bond and formation of a high-valent
iron oxidant.[1,2] For enzymes with an iron(l11) resting state, the oxidant is postulated to
have a formally FeV oxidation state, e.g. Fe!V(O)(porphyrin radical) for cytochrome P450]i]
and FeV(O)(OH) for the Rieske dioxygenases.[ii] On the other hand, enzymes with an
iron(ll) resting state often require a tetrahydropterin or an a-keto acid cofactor to form an
Fe!V(0) intermediate.[2] Such intermediates have recently been trapped and characterized
for several enzymes.[iii]

In model nonheme iron systems, there has been significant recent progress in the generation
and characterization of Fe!V(O) complexes, most of which were prepared by reaction of
iron(11) precursors with oxygen-atom donors (e.g. peroxides, peroxyacids and ArlO).[iv]
The one exception has been the formation of [Fe!V(0)(TMC)(CH3CN)]?* (1),[v] reported by
Nam and co-workers in the reaction of its iron(Il) precursor with O in the presence of
alcohols or ethers.[vi] The mechanism for the formation of 1 under these conditions is not
well established, but was postulated to result from O-O bond homolysis of a (u-1,2-
peroxo)diiron(l11) intermediate, resembling the mechanism postulated for [Fe!V(O)(TPP)]
formation by the oxygenation of [Fe!!(TPP)].[vii] In the latter case, coordination of
imidazole trans to the peroxo ligand promoted oxoiron(IV) formation. By extension, it
seems plausible that binding of the added alcohol or ether to the iron may also promote the
formation of 1, as Fe!!(TMC)(OTTf), in the absence of such additives is air-stable.[6] In the
course of our work, we appended a pyridine moiety to the TMC framework to obtain the
pentadentate ligand TMC-py (Scheme 1). Its iron(l1) and oxoiron(IV) complexes were
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synthesized and structurally characterized. Interestingly, the oxoiron(IV) complex could be
generated by oxygenation of the iron(11) complex, but only in the presence of an electron
(BPh,4™) and a proton source. Details of this study are reported herein.

In our initial exploration of the chemistry of 1, our attempts to coordinate pyridine trans to
the oxo unit via replacement of the MeCN ligand proved to be unsuccessful, perhaps due to
the steric constraints imposed by the binding pocket. To enhance the probability of pyridine
coordination we synthesized the TMC-py ligand in which one of the TMC methyl groups
was replaced with a 2-pyridylmethyl arm and prepared the corresponding iron(Il) complex
[Fe!l(TMC-py)1X5 (2(X),) (X = OTf or PFg). X-ray analysis of single crystals of 2(PFg)»
obtained from MeCN/MeOH confirmed coordination of TMC-py as a pentadentate ligand
(Figure S1, Table S2),[viii] with the cyclam macrocycle adopting a trans-1 configuration[ix]
and the pyridine bound at the apical position of a distorted square pyramid (t = 0.45[x]).

The reaction of 2 in MeCN solution at room temperature with PhlO elicited formation of a
pale brown-green complex 3 in ca. 95 % yield With Ayay at 834 NM (gmay = 260 M~1 cm™1)
(Figure 1, left). Complex 3 can also be generated with 3 equiv H,O,, but in lower (ca. 65 %)
yield. The observed near-IR bands are very similar to those of 1[xi] and assigned to ligand-
field transitions, which are diagnostic of the formation of a low-spin (S = 1) oxoiron(IV)
center.[xii] Consistent with this assumption, an electrospray mass spectrum of 3 exhibited a
peak at m/z = 554.1 and an isotope distribution pattern in agreement with its formulation as
{[Fe'V(O)(TMC-py)](OTH)}* (calculated m/z = 554.2) (Figure S2). Furthermore, a
resonance Raman spectrum of 3 yielded a v(Fe=0) at 826 cm™! that shifted 34 cm™ to 792
cm~1 upon 180-labelling, as expected from Hooke’s Law (Figure 1, right). The observed
frequency is 13 cm™1 lower than that observed for 1 by FT-IR spectroscopy, presumably
reflecting the differing coordinative properties of an axial pyridine versus MeCN.[11]
Madssbauer studies of 3 yielded a doublet with an isomer shift (5) of 0.18 mm/s and a
quadrupole splitting (AEq) of 1.08 mm/s (Figure 2a), parameters similar to those of 1 (6 =
0.17 mm/s; AEq = 1.24 mm/s).[11] High field studies (Figures S4 and S5; Table S1) show
that 3 exhibits zero-field splitting and hyperfine parameters similar to those reported for 1.
[11]

The high purity of 3 and its stability (t;, = 7 h at 25 °C) allowed the growth of diffraction
quality crystals at —20°C from MeOH/Et,0 (Table S3). The structure obtained, shown in
Figure 3, represents only the third high-resolution crystal structure of an oxoiron(IV)
complex reported to date[8] and conclusively demonstrates that the TMC-py ligand retains
its pentadentate binding mode, and the cyclam ring its trans-I stereochemistry, upon
oxidation of 2 to 3. Complex 3 has an Fe=0 distance of 1.667(3) A, which is 0.02-0.03 A
longer than those reported for 1 (1.646(3) A)[11] and 5 (1.639(5) A) (5 = [Fe!V(0)
(N4Py)]2*[5,xiii] The Fe-Namine bonds in 3 have an average length of 2.083 A, close to that
seen for 1 (2.091 A). In contrast, the Fe-Nyy bond length in 3 is 2.118(3) A, which is 0.06 A
longer than the axial Fe-Nycme bond in 1,[11] despite the fact that pyridine is a much better
Lewis base than MeCN. This observation may be attributed to the geometric constraints
imposed by tethering of the pyridyl donor to the cyclam ring, which also manifests in a
deviation of the O=Fe-Np, bond angle (169.77(13)°) from linearity. Furthermore, the Fe-Npy
bond in 3 is significantly longer than the equatorial Fe-Npy bonds of 5 (ave. 1.96 A)[13]
which most probably reflects the trans effect of the oxo ligand. Metrical parameters
obtained from a density functional theory geometry optimization for 3 (Figure S7, Table
S4), are in good agreement with the x-ray structure. Of particular note is the close
reproduction of the non-linear O=Fe-Npy, bond angle and associated elongation of the Fe-
Npy bond length.
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The susceptibility of 2 to oxidation by O, was then investigated. While 2 was found to be
air-stable at 25 °C in MeCN, it converted to 3 within minutes in the presence of 1 equiv
BPh;™ and 1 equiv HCIOy, as indicated by the growth of the ligand-field band at 834 nm
(Figure S3). The Méssbauer spectrum of an ®/Fe-enriched sample obtained under these
conditions (Figure 2b) showed the presence of three components: 3 (56%), unreacted 2
(32%), and an unidentified high-spin ferric byproduct (*12%). Thus, the amount of 3
formed by oxygen activation represented about 80% of the 2 that was oxidized, a yield that
is comparable to those for two oxoiron(IV) porphyrin complexes obtained by reductive
activation of corresponding oxyheme precursors.[Xiv]

The yield of 3 obtained by oxygen activation depended on the amount of BPh,~ and HCIO4
added to the oxygenated solution (Figure 4) and was found to be maximal for samples
containing a 1:1:1 ratio of 2:BPh,:H*. Under these conditions, 3 exhibited a fourfold
shorter lifetime (t/> ~ 100 min) than that prepared with H,O, or Phl1O. NMR studies of the
reaction mixture showed that BPh,~ had decomposed to form phenol (1 equiv) and biphenyl
(0.75 equiv) byproducts, presumably derived from phenyl radicals formed upon one-electron
oxidation of BPh,~. Thus, BPh,™ acts as a reductant in this reaction.[xv] Additionally, we
also found that ascorbic acid could be used as both an electron and a proton source in the
conversion of 2 to 3 and that introduction of 0.5 equiv ascorbic acid in an ethanolic
suspension to an oxygenated solution of 2 in a 1:1 mixture of MeCN and EtOH afforded 3 in
ca. 55% yield.

A comparison of the dioxygen reactivity of 2 with that of the precursor to 1, [Fe!'(TMC)
(OTH](OTH) (4), reveals similarities and differences. Like 2, 4 was unreactive towards O, in
MeCN solvent at room temperature but converted to 1 in 75% yield within minutes in the
presence of one equiv each of H™ and BPh,~. However, unlike 2, which is air stable in a 1:1
MeCN/EtOH solvent mixture, 4 readily reacted with O, to form 1 in nearly quantitative
yield in 1:1 MeCN/EtOH and other MeCN/(alcohol or ether) solvent mixtures.[6]

In the latter case, Nam and co-workers have proposed that dioxygen activation occurs via a
(1,2-peroxo)diiron(l11) species akin to that proposed for Fe(porphyrin) autoxidation,[7,xvi]
but no detailed studies substantiating this mechanism have been reported. The fact that
dioxygen activation by 4 occurs only in the presence of an alcohol or ether co-solvent raises
the possibility that this additive coordinates to the iron(ll) center to promote the binding and
activation of the trans-bound O,. Consistent with this notion is the air stability of 2 in 1:1
MeCN/EtOH, because 2 differs from 4 in having only one available coordination site, which
is presumably reserved for the binding of O, and its subsequent activation. In the presence
of H* and BPh,~, we propose instead a reductive activation mechanism for the conversion
of 2 to 3 (Scheme 2), consisting of the initial formation of an Fe!ll-OOH intermediate that
subsequently decomposes rapidly by O-O bond cleavage to form 3. O-O bond cleavage may
proceed in a homolytic fashion, but we have yet to obtain evidence for formation of a
hydroxyl radical. Alternatively, heterolytic cleavage to yield a short-lived oxoiron(V)
species, followed by its rapid reduction cannot be ruled out at this stage. Although the
proposed Fe!'l-O0H intermediate has not to date been observed in the reaction of 2 with
dioxygen, our mechanistic proposal is precedented by the trapping and characterization of an
Fe!ll-OOH species supported by a related pentadentate ligand with amine, pyridine and
pivaloylamido functionalities in the reaction of its iron(I1) complex with O, in the presence
of BPh,~ and H*[xvii] This intermediate could alternatively be prepared from the reaction
of the same Fe!! complex with H,0,, which allowed its unambiguous identification.[xviii]

In summary, we have described a new oxoiron(IV) complex 3 in terms of its spectroscopic
properties and high resolution crystal structure and have demonstrated its formation by
reaction of its iron(l1) precursor 2 with oxo-transfer agents or with O, in the presence of a
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reductant and an acid. In the latter case, the requirement of a proton and an electron source is
consistent with the intermediacy of a hydroperoxoiron(l11) species, which bears strong
parallels to the mechanistic paradigm for formation of high-valent iron oxo species, as
postulated for enzymic systems such as cytochrome P450 and the Rieske dioxygenases.[1,2]
Although the mechanism of formation of 3 via reaction with O, requires greater definition
and is the subject of ongoing investigations, this study represents the first example in a
synthetic system of the activation of dioxygen facilitated by protons and electrons to yield
high-valent nonheme iron-oxo species.

Experimental Section

2(0Tf),

3(0OTf),

Under an argon atmosphere, a solution of TMC-py (0.50 g, 1.50 mmol) in tetrahydrofuran
(10 mL) was added to a stirred solution of Fe(OTf),(CH3CN), (0.62 g, 1.43 mmol) in
tetrahydrofuran (10 mL). A precipitate began to form within minutes. After overnight
stirring, the volume of solvent was reduced to ca. 10 mL and the mixture filtered. The solid
obtained was washed twice with small volum es of THF (5 mL) and dried under vacuum to
give the product as a cream coloured powder (0.74 g, 75%). Anal. Calcd. (found) for
Cp1H3sFgFeNs0gS,: C, 36.69 (36.44); H, 5.13 (5.14); N, 10.19 (9.97). Complex 2(PFg),
was prepared in a similar fashion. A solution of FeCl,*2H,0 (0.121 g, 0.74 mmol) in MeOH
(5 mL) was added to a solution of TMC-py (0.248 g, 0.74 mmol) in minimal MeOH. The
yellow solution was stirred overnight and then filtered. Addition of NaPFg (0.250 g, 1.49
mmol) in MeOH to the filtrate resulted in the formation of a pale precipitate, which was
filtered and dried under vacuum to afford the product in 46% yield. Anal. Calcd. (found) for
C1gH3sF12FeNsP,: C, 33.59 (33.41); H, 5.19 (5.15); N, 10.31 (9.95).

To a solution of 2(OTf), in acetonitrile/methanol was added an excess of solid
iodosobenzene. Subsequent to stirring the resultant mixture at room temperature for 20
minutes, the residual iodosobenzene was removed by filtration leaving an olive-green
solution of 3. Crystals of 3(OTf), suitable for X-ray crystallography were grown at —20°C
from a methanolic solution layered with diethyl ether.
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Figure 1.

Left: electronic spectra of 1 (dashed line) and 3 (solid line) in MeCN. Right: resonance
Raman spectra (Aey = 407 nm) of 160-3 (solid line) and 180-3 (dashed line) recorded in
frozen solution with samples mounted on a brass cold finger. Asterisks designate features
from the CH3CN solvent. The Raman samples were prepared by reaction of a 10 mM
solution of 2(OTf), in acetonitrile with 2 equiv. of PhI(OACc),, in the presence of 100
equivalents of H,160 and H,180, respectively.
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Figure 2.

4.2 K Mossbauer spectra of 3 recorded in a parallel applied field of 45 mT and generated a)
by reacting 2 in MeCN with PhlO to afford a sample that contained >95% 3 and b) by
reacting 2 in MeCN with O, in the presence of 1 equiv BPh,™ and 1 equiv HCIO,4. Solid and
dashed lines indicate contributions of 3 (56% of Fe) and starting material 2 (32%),
respectively.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2009 March 9.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Thibon et al.

Page 8

Figure 3.

Thermal ellipsoid drawing of [Fe!V(0)(TMC-py)](OTf), (3), showing 50% probability
ellipsoids. The second enantiomorph, hydrogen atoms, counterions, and non-coordinating
solvent molecules have been omitted for clarity. Selected bond distances (A): Fe-O,
1.667(3), Fe-Npy 2.118(3), Fe-Namine (ave) 2.083.
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Figure 4.

Conversion of 2 into 3 by reaction with O, in the presence of BPh,~ and H* in CH3CN
solution at 25 °C. Left: amount of 3 formed as a function of the amount of BPh,~ added to a
solution containing 1 equiv. of both 2 and HCIO4. Right: amount of 3 formed as a function
of HCIO,4 added to a solution containing 1 equiv. of both 2 and BPh, ™.
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TMC TMC-py

Scheme 1.
Cyclam ligands used in this study.
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Scheme 2.
Proposed dioxygen activation mechanism.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2009 March 9.

Page 11



