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Oxoiron(IV) species are key intermediates in the catalytic
cycles of numerous heme and non-heme iron enzymes that
insert an oxygen atom from dioxygen into unactivated C—H
bonds.! Because of the enormous importance of such oxy-
genase reactions in biology and in synthetic chemistry, much
effort has been devoted over the last decade to the isolation
and characterization of those reactive oxoiron(IV) intermedi-
ates and to the understanding of their reactivity patterns.*
Following the first evidence for the generation of a non-heme
FeY=0 complex in 2000, six X-ray crystallographic struc-
tures of oxoiron(IV) complexes have meanwhile been
reported;* ! all are based on tetra- or pentadentate N-
donor ligands, such as derivatives of 1,4,8,11-tetraazacyclote-
tradecane (cyclam)'®® or tris(aminoethyl)amine (tren).” !

Similar N-donor ligands have also been used in related
iron-nitrido chemistry,">"¥ though N-heterocyclic carbene
(NHC) ligands, mostly tridentate ones with threefold sym-
metry, have proven particularly useful to stabilize and isolate
high-valent Fe=N species.'*®) Cramer and Jenkins recently
developed a macrocyclic tetracarbene—iron catalyst for the
aziridination of alkenes with aryl azides; mass spectrometry
confirmed an iron(IV) imide as potential intermediate.!"
Here, we report the efficient stabilization of the oxoiron(IV)
unit by such a macrocyclic tetracarbene framework,"”! thus
allowing the first structural characterization of an oxoiro-
n(IV) complex that is not purely N ligated and has spectro-
scopic signatures distinct from those of other oxoiron(IV)
complexes.

Tetracarbene—iron(II) precursor complex 1 was generated
by in situ deprotonation and complexation of the macrocyclic
tetraimidazolium salt [(LN")H,](OTf), (3,9,14,20-tetraaza-
1,6,12,17-tetraazoniapenta-cyclohexacosane-1(23),4,6(26),10,
12(25),15, 17(24),21-octaene tetrakis-trifluoromethanesulfo-
nate)'® with [Fe{N(SiMe;),}.], in around 30% yield, similar
to the synthesis of its phenyl-substituted derivative
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(Scheme 1).1%"1 While ESI-MS shows [(LNH€)Fe(OTf),]*
(m/z=702.0, caled m/z="702.0) and its fragments, X-ray
diffraction reveals that, instead of the anionic triflate counter-
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Scheme 1. Synthetic routes to [(L""“)Fe(MeCN),](OTf), (1),
[(LNHC)FGIVO(RCN)](OTf)Z (2/2"), and [(LNHC)ZFEZO](OTf)4 (3).

anions, MeCN molecules are coordinated as axial ligands to
give an octahedral environment for 1 in solid state (Figure 1,
left). The well-resolved NMR spectrum of 1 indicates low-
spin iron(Il), and the Mdossbauer isomer shift (0=
0.23 mms™'; Figure S1, see the Supporting Information) is in
agreement with that of another octahedral low-spin tetracar-
bene-iron(IT) complex (6 =0.15 mms~').?" The large quad-
rupole splitting for 1 (AE,=2.10 mms™') is unusual for the
formally symmetric 3d® low-spin configuration, but not
unprecedented for complexes with strongly asymmetric

Figure 1. ORTEP plots of the molecular structures of the cations of
[(LN")Fe(MeCN),](OTf), (1, left) and [(LNH),Fe,O](OTf), (3, right). 1
50% probability thermal ellipsoids; co-crystallized [Fe(MeCN),( OTf)z]
counter ions, and solvent molecules were omitted for clarity; 3: 30%
probability thermal ellipsoids; counter ions and solvent molecules
were omitted for clarity.
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covalent bonds.” ! Complex 1 is moisture and oxygen
sensitive and well soluble in polar solvents.

Treatment of 1 with an excess of a PhIO derivative,
namely 2-(tert-butylsulfonyl)iodosylbenzene (2-(fBuSO,)-
C¢H,IO), in MeCN at —40°C gives a green suspension,
from which excess of insoluble 2-(fBuSO,)C,H,JO was
removed by decantation. ESI-MS of the resulting green
solution showed two dominant signals for [(LN"“)FeO(OTf)]"
(m/z=569.0, caled m/z=569.1) and [(LNY)FeOP" (m/z=
210.0, caled m/z=210.1; Figure2), which confirmed the
formation of oxoiron(IV) complex 2 (Scheme 1).

[LFeO]* [LFeO(OTH)]"
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Figure 2. ESI™-MS spectrum (m/z=250-850 range) of [(L""“)Fe"O-

(MeCN)](OTf), in MeCN. Insets show experimentally obtained (exp.)
and simulated (sim.) isotope patterns.

The transfer of the oxygen atom was monitored by UV/
Vis spectroscopy at —40°C, showing a decrease of the band at
339 nm (characteristic for 1, e=9100m'cm ™), while a much
broader band concurrently arises at around 400 nm (charac-
teristic for 2, e~200M 'cm!; Figure 3). Typically, oxoiro-
n(IV) chromophores show very weak transitions in the near-
IR 700-900 nm region.!*! Time traces of the bands at 339 and
400 nm suggest a more complex reaction sequence; identifi-
cation of intermediates and detailed kinetic studies are
ongoing. Full conversion to 2 was achieved after approx-
imately two hours.

Green single crystals of the oxoiron(IV) complex 2’
suitable for X-ray diffraction were obtained by slow diffusion
of Et,0 into a EtCN solution at —40°C. Complex 2’
crystallizes in the orthorhombic space group Pbca. The
molecular structure shows planar fourfold carbene coordina-
tion, and the oxygen atom as well as an EtCN solvent
molecule as trans axial ligands (Figure 4, left). The Fe—O
bond length is 1.661(3) A, which is at the upper end of the
range of the three previously structurally characterized
intermediate-spin  (S=1) Fe™=0 complexes (1.639-
1.667 A)%78 while two reported high-spin (S=2) Fe"=0
complexes form similar or slightly longer bonds (1.661 and
1.680 A).*% 1t should be kept in mind, though, that in
contrast to 2/, all literature-known Fe™Y=0 complexes are
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Figure 3. Formation of [(LN")FeYO(MeCN)](OTf), (2) from 1 after
addition of five equivalents of 2-(tBuSO,)C¢H,IO in CH ,Cl, to a solution
of 1in MeCN at —40°C, as monitored by UV/Vis spectroscopy. The
insets show the development of bands at 339 and 400 nm versus time.

Figure 4. Two views (ORTEP plots, 50% probability thermal ellipsoids)
of the molecular structures of [(L""“)FeO(EtCN)](OTf), (2'); counter
ions and solvent molecules omitted for clarity. The structure on the
right emphasizes the intramolecular C-H---O hydrogen bonds (Et
group of the EtCN not shown). Selected atom distances [A] and angles
[°]: O1--H9A=2.31, O1--H17B=2.35, O1.-C9=3.036(6),
01.-:C17=3.078(6); C9-HO9A---O1=130.5, C17-H17B---O1=131.6.

exclusively N/O-coordinated. Fe-C distances in 2’ vary
between 1.979(5) and 2.045(5) A, with short and long bond
lengths trans to each other (Table 1). The N-Fe—O bond angle
is 176.65(17)° and trans C-Fe-C angles are 174.00(19)° and
172.92(19)°, thus forming a nearly perfect octahedral coordi-
nation geometry. It is interesting to note that one carbon atom
of each ethylene bridge of the ligand points towards the Fe=O
unit and show rather close C—H--O distances indicative of

Table 1: Selected bond lengths [A] and Méssbauer parameters (mms™')
for1, 2, and 3.

d(Fe—0) d(Fe—C) o AE,

1 (Fe") - 1.970(2)/1.986(2)/ 0.23 2.10
2.007(2)/2.022(2)

2 (Fe") 1.661(3) 1.979(5)/1.980(5)/ -0.13 3.08
2.037(5)/2.045(5)

3 (Fe™) 1.752(2) 1.970(4)/1.973(4)/ 0.04 2.56
1.752(2) 2.028(4)/2.036(4)/
1.947(4)/1.982(4)/
2.012(4)/2.020(4)
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weak hydrogen bonds (Figure 4, right). This situation is
somewhat reminiscent of the trigonal bipyramidal complex
reported by Borovik and co-workers, which has an Fe™V=0
unit within the cavity of three urea groups involved in N—
H--O hydrogen bonds.'” However, despite the C—H--O
interactions in 2, no decomposition products from ligand
oxygenation have been observed (see below).

We were able to collect sufficient amounts of crystalline
material of 2 to perform, for the first time for an oxoiron(IV)
complex, a SQUID measurement. Magnetic susceptibility
data were collected in the temperature range 2-200 K (to
avoid decomposition at higher temperatures). No significant
field dependence was observed when data were taken at
applied fields of 0.2 and 0.5 T. The y T value at 200 K of
0.98 cm® Kmol ™" (Figure 5, left) is close to the spin-only value
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Figure 5. ), Tversus T (left) and variable-temperature/variable-field
(VTVH) magnetization measurements as M, versus B/T (right) for
a crystalline sample of 2.

for S=1 (1.00 cm®*Kmol ') and clearly shows the intermedi-
ate-spin state of the oxoiron(IV) unit in 2. The decrease of the
xm I curve below 40 K can be attributed to the effect of zero-
field splitting. Indeed, analysis of the magnetic data according
to the spin Hamiltonian that includes terms for zero-field and
Zeeman splitting [Eq. (1)] leads to a good fit with values g =
1.89 and | D |=16.8 cm™.

H = D(§ = 1S(S+1)) +gusB - (n)

Simulation of magnetization measurements at variable
temperature and variable field (VTVH; Figure 5 right) gave
g=1.87 and D=+16.4cm™'; these values are in excellent
agreement with those derived from susceptibility data and
unambiguously confirm the positive sign of the zero-field
splitting parameter. Though large, the anisotropy value of 2 is
yet smaller than D for related oxoiron(IV) complexes based
on non-heme!”! and porphyrin supporting ligands®*! (26~
35 cm™'), which likely originates from the large separation of
the S=1 ground and S =2 excited states, and the relatively
large splitting of the d,, and d,./d,, orbitals in the t,, manifold
of 2.

In MeCN, 2 was stable at —40°C for more than one
month. Upon warming, the solution became brown as a result
of reduction of 2 to the binuclear u-oxo diferric complex 3,
which was identified by ESI-MS ([(LN"€),Fe,O(OTf);]™: m/
z=1271.1, caled m/z=1271.1) and UV/Vis spectroscopy
(characteristic band at 367 nm). Self-decay of a 0.12mm
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MeCN solution of 2 was monitored by UV/Vis spectroscopy
at room temperature (Figure 6); it exhibits a half-life of about
five hours.?® This decay rate is similar to the one reported for
[Fe™VO(Bn-TPEN)]**."l The time trace of the rising band at

0 200 400 600 800

¢/ min

300 350 400 450 500 550
A/lnm -

Figure 6. Self-decay of [(L""“)FeO(MeCN)](OTf), in MeCN at room
temperature, monitored by UV/Vis spectroscopy. The inset shows the
development of the 365 nm band, representing the formation of u-oxo
complex 3.

365 nm suggests a more complicated mechanism; more
detailed kinetic studies are underway. Complex 3 was also
obtained by oxidation of 1 with mCPBA, trimethylamine N-
oxide, or with aerial O, in MeCN. Surprisingly, in contrast to
2-(tBuSO,)C¢H,IO, reaction with parent iodosobenzene
(C¢H,LIO) at —40°C did not generate 2, but gave 3 directly.

The molecular structure of 3 was determined by X-ray
analysis of brown single crystals grown by slow diffusion of
Et,0 into a MeCN solution (Figure 1, right). Both ferric ions
are coordinated fivefold in square-pyramidal geometry. The
oxygen atom is bound in an almost linear fashion with an Fe—
O-Fe angle of 178.79(16)°. As expected, Fe—O distances are
much longer (1.752(2) A) than those in 2 because of
decreased m-bonding, which is also reflected in slightly
shorter Fe—C bonds (Table 1). SQUID data of 3 in the
temperature range 2-295 K, simulated by using the Hamil-
tonian H= —2]§1§2, showed an S=0 ground state and
extremely strong antiferromagnetic  coupling (/=
—606 cm ') of the two ferric ions (Figure S4). Unfortunately,
however, the local spins could not be determined from the
SQUID data because of the minute population of only the
first excited state at 295 K; the data are consistent with iron
spins S;=1/2, 3/2, or 5/2. The coupling in any case appears to
be the strongest reported for any u-oxo diiron(III) complex
investigated so far.’”) Effective diamagnetism of complex 3
was confirmed by sharp NMR signals.

Mossbauer spectra were collected for all three complexes
1,2, and 3 at 80 K (solid samples for 1 and 3; frozen solution in
MeCN glass for 2; Figure 7, top left). In the case of 2 and 3,
isomer shifts () were found at rather low values (2:
—0.13mms™"; 3: 0.04 mms™'), and quadrupole splittings
(AEy) were quite large (2: 3.08 mms™'; 3: 2.56 mms™;
Table 1). A series of oxoiron(IV) complexes based on the
tetramethylcyclam (TMC) ligand scaffold show isomer shifts
within the narrow range 0.15-0.20 mms~!, much higher than
for 2. This result reflects the extremely strong equatorial o-
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Figure 7. Top left: Méssbauer spectrum of [(LN"“)Fe'YO(MeCN)](OTf),
(2) recorded at 80 K. Bottom left: Correlation of isomer shift versus
oxidation state for complexes 1, 2, and 3; linear fit is defined by:
oxidation state=3.3(1)-5.6(2) d/mms™". Right: Magnetic M&ssbauer
spectra of 2 (MeCN glass) recorded at 4.2 and 20 K with fields of 4
and 7 T applied perpendicular to the vy rays. The lines are the result of
a spin Hamiltonian simulation for S=1 using fast spin relaxation with
parameters given in the text.

donor strength of the macrocyclic tetracarbene ligand with
pronounced charge donation into the iron 4 s orbital. Com-
paratively low isomer shifts have only been observed for an
anionic Fe™V=0O complex with a tetraamido macrocyclic
ligand, [(TAML)FeVOJ]*~ (—0.19 mms™).%%] Similar argu-
ments apply for 3, because u-oxo diferric complexes usually
show isomer shifts in a range of 0.2-0.5 mms~.*"1 A plot of
Mossbauer isomer shifts versus formal oxidation state for
complexes 1, 2, and 3, which all bear the same cyclic
tetracarbene scaffold, shows an excellent linear correlation
(oxidation state =3.3(1)-5.6(2) 8/mms~'; Figure 7, bottom
left). The slope is similar to that reported for a series of
(cyclam)iron—oxo, (cyclam)iron-azido, and (cyclam)iron—
nitrido  complexes (oxidation state =4.6(1)-5.0(3) 6/
mms~'),P! although in the present case, the function is shifted
to lower O values. In line with this result, AE, for 2 is much
larger than for most other oxoiron(IV) complexes (typically
in the range 0.16-1.39 mms~' for TMC-based systems).>*
This observation again reflects the oblate charge distribution
around the iron nucleus in 2, which arises from the large
electronic charge donated by the equatorial tetracarbene into
the d._,. orbital; the effect is almost as pronounced as in
[(TAML)FeYOJ*~ (AEq=3.95 mms ).

The magnetically split Mossbauer spectra for 2, obtained
at 4.2 and 20 K in fields of 4 and 7 T applied perpendicular to
the y beam (Figure 7, right), are consistent with the iron(IV)
S=1 configuration. The spectra could be nicely simulated
with spin-Hamiltonian parameters that are very similar to
those obtained from magnetization measurements, rendering
large, almost axial zero-field splitting (D=15+2cm™, g
fixed at 2.0). Iterations of the rhombicity parameters showed
a preference for weak distortion of the axial symmetry of the
ligand field (E/D = 0.08), which is consistent with the less than
fourfold rotation symmetry of the complex. A weak rhom-
bicity is also reflected in the electric-field gradient (AE, =+
3.09 mms~!, #=0.3), as well as in the magnetic hyperfine-
coupling constants (A/gyin=[—17.1, —18.8, —2]T). The
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values, two large negative and one small negative,” resemble
closely those of intermediate-spin oxoiron(IV) compounds
with porphyrin ligands.®"

The electronic structure of the iron(III) u-oxo dimer (3)
deserves particular attention, because according to our
knowledge, iron(III) in this motif is usually considered to be
high-spin.?*1 In contrast, the low isomer shift in our case
(0.04 mms™") is clearly below the range of values ever
observed for ferric high-spin iron. The values are diagnostic
of low-spin, S=1/2, or also intermediate-spin S =3/2 iron-
(IIT) ;' the magnetic data unfortunately are not conclusive, as
shown above. Although intermediate-spin might be possible
because of the five coordination of the iron sites, we strongly
favor the low-spin assignment, because the isomer shift fits
perfectly into the correlation diagram of Figure 7. Such
a straight correlation can hold only if the “titration” of
valence electrons throughout the series of complexes 1 to 3 to
2 from ferrous via ferric to ferryl iron is restricted to either
anti-bonding e, orbitals or to non-bonding t,, orbitals.
Otherwise the expected irregular changes in bond lengths
should induce irregular steps in the variation of the isomer
shift.’>*! Because 1 is a t,,’ and 2 a t,,' compound, we
conclude that 3 is t,,’, and thus represents a rare case of a low-
spin iron(III) u-oxo dimer.

In conclusion, we reported the first structurally charac-
terized high-valent oxoiron(IV) complex that is not supported
by an oligodentate N-donor ligand. Instead, the macrocyclic
tetracarbene scaffold of 2 makes the key bioinorganic Fe™"=0
moiety applicable in organometallic chemistry. Complex 2
features high stability, which has enabled the first SQUID
characterization of solid material of an oxoiron(IV) species,
and thus provides additional information about its electronic
structure. The strong in-plane o-donating tetracarbene ligand
efficiently stabilizes the intermediate-spin S =1 state over the
§ =2 state by raising the iron d,. . orbital. This situation
gives rise to spectroscopic signatures of 2 that are quite
unusual and reminiscent of the [(TAML)Fe™VOJ*~ system,
though the present [(LN"©)Fe™VO(RCN)]*" is dicationic rather
than dianionic. The macrocyclic tetracarbene also imparts
unusual properties to the iron(III) u-oxo dimer 3, which
appears to be a rare example of a low-spin species for this
prominent motif. Studies directed toward the reactivity of the
novel type of organometallic oxoiron(IV) complex and
further elucidation of the electronic structures of 2 and 3
are in progress.
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