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Abstract: Diiron cofactors in enzymes perform diverse
challenging transformations. The structures of high
valent intermediates (Q in methane monooxygenase and
X in ribonucleotide reductase) are debated since Fe—Fe
distances of 2.5-3.4 A were attributed to “open” or
“closed” cores with bridging or terminal oxido groups.
We report the crystallographic and spectroscopic charac-
terization of a Fe™,(u-O), complex (2) with tetrahedral
(4C) centres and short Fe—Fe distance (2.52 A), persist-
ing in organic solutions. 2 shows a large Fe K-pre-edge
intensity, which is caused by the pronounced asymmetry
at the T, Fe™ centres due to the short Fe—u—O bonds.
A ~2.5 A Fe—Fe distance is unlikely for six-coordinate
sites in Q or X, but for a Fe,(u-O), core containing four-
coordinate (or by possible extension five-coordinate)
iron centres there may be enough flexibility to accom-
modate a particularly short Fe—Fe separation with
intense pre-edge transition. This finding may broaden
the scope of models considered for the structure of high-
valent diiron intermediates formed upon O, activation

in biology.
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Introduction

The ferritin-like dimetal-carboxylate (FDC) oxidases and
oxygenases utilize a largely conserved protein structure and
ligand sphere to bind nonheme dimetal cofactors that
interact with dioxygen to form a variety of distinct
intermediates for carrying out diverse biological functions."
One of the most studied FDC proteins are soluble methane
monooxygenases (SMMO),"*¥ which are non-heme diiron
enzymes that carry out the chemically challenging conver-
sion of methane to methanol. In presence of dioxygen the
diiron active site in sMMO is transformed to a high-valent
diiron(IV) species Q via the transient formation of a
peroxido diiron(IIT) intermediate.”) Intermediate Q is
believed to be the key species that is able to hydroxylate the
strong C—H bond of methane. Another FDC protein, class-
I-a ribonucleotide!*! reductases (RNRs) also contain a
diiron(1I/IT) cofactor that reacts with oxygen to form a p-
peroxido diiron(III/IIT) complex, which undergoes one-
electron reduction to produce the diiron(III/IV) complex,
X ' Intermediate X oxidizes a nearby tyrosine to form a
stable tyrosyl radical cofactor, which serves as the initiating
one-electron oxidant of cysteine to generate a thiyl radical.
The latter radical mediates the conversion of ribonucleotides
to deoxyribonucleotides.

In an effort to understand the process of biological
methane oxidation, and reduction of ribonucleotides, nu-
merous spectroscopic studies,*! biomimetic syntheses,! and
theoretical investigations!***! have been dedicated to the
elucidation of the geometric and electronic structures of the
diiron intermediates Q and X. However, all these studies are
yet to lead to a consensus assignment for their core
structures. In particular, the discussion on the metal-metal
distance, which is a key parameter that can provide insight
into the core structure, is controversial. In the absence of
any X-ray crystal structure of Q, the analysis of the extended
X-ray absorption fine structure (EXAFS) previously yielded
an unusually short Fe—Fe distance of 2.46 A, which might be
accommodated by a closed-shell Fe,(u-O), “diamond-core”
structure (Scheme 1).” Similarly short Fe-Fe distances (
~2.5 A) were also tentatively suggested for RNR
cofactors.®) However, such assignments were questioned
and the short distance was attributed to metallic iron
contributions.®***%l So far, neither computational nor
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Scheme 1. Proposed closed and open forms for the structure of Q (the
dashed line represents the protein backbone in the enzyme). Spectro-
scopic characterizations of synthetic model complexes of both the
forms have been reported.F>¢™

synthetic efforts could successfully reproduce such a short
Fe—Fe distance in a “closed” Fe,(u-O), diamond core. In
fact, analysis of the recent high energy resolution
fluorescence detected (HERFD) EXAFS data of Q reveals
a longer Fe—Fe separation of ~3.4 A This finding,
together with the large pre-edge intensity observed in the
HERFD X-ray absorption spectrum (XAS) spectrum of Q
led DeBeer and co-workerst® to favour a diiron core of
significantly decreased symmetry and large covalent contri-
butions in Q, as might be provided by an “open core”
conformation with terminal oxido ligand(s). However,
recent studies of Q reported by Solomon and co-workers,?!
employing nuclear resonance vibrational spectroscopy, fa-
vour a closed-core description for this intriguing intermedi-
ate. Similarly, for X, the recent electron nuclear double
resonance (ENDOR) experiments™¥ suggest that it might
also have an “open core” structure with only a single
nonprotein oxygen bridge. However, this conclusion is
potentially incompatible with the Fe—Fe distance of 2.8 A
determined by EXAFS for X, which is comparable to the
Fe—Mn distance of 2.75 A noted for the “closed” Mn"(p-
0),Fe!v diamond core®™ in class 1-c RNRs. Thus, although
the structures of these intermediates are of significant
interest, their definition is still controversial.

The two most discussed examples of synthetic complexes
with Fe,(u-O), diamond cores characterized by X-ray
diffraction (XRD) analyses known to date, namely [Fe™,(p-
0),(6-Me;TPA),>*! and [Fe"Fe'(p-0),(5-Et;TPA),*+,
both exhibit Fe—Fe separations of ~2.7 A. Notably, a Fe—Fe
distance of 2.71 A is also determined for a [Fe",(u-O),-
(TPA*),]** complex.’™ Comparison of these three exam-
ples suggests that the Fe oxidation states may have only
little influence on the Fe—Fe separation in Fe,(u-O),
diamond cores. By contrast, an unexpected reduction of the
Fe—Fe distance by 0.11 A was observed to occur upon one-
electron reduction of the recently reported complex [Fe',-
(u-0)(TPA*),]** to give [Fe"Fe"V(u-O),(TPA*),]*",P" this
has been attributed to differences in the spin-coupling
between the two iron centres in the two complexes. The
consensus from all the synthesis, theoretical, and XAS
studies is that a Fe—Fe distance of ~2.7-28 A and a
diminished pre-edge intensity is more representative of a
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diamond core structure containing 6-coordinate iron atoms.
Conversely, an increased pre-edge transition would warrant
an asymmetric open-core O=Fe"—O-Fe' conformation
containing 6C Fe and a terminal oxidoiron(IV) motif
(Scheme 1)." An inherent question is now, whether a large
Fe K-pre-edge intensity can be also accommodated within a
closed Fe,(u-O), diamond core containing lower coordi-
nated iron centres, as has been suggested in few theoretical
studies for intermediate Q.

In our effort to examine the effects of diminished
coordination numbers at the iron site on the Fe—Fe
separation in Fe,(u-O), diamond cores, we have employed
sterically demanding pB-diketiminato ligands, which have
been previously used by us and others for the synthesis of
bioinspired reactive intermediates relevant to nitrogenases,
[NiFe]-hydrogenases and various oxygenases.”” We now
report the X-ray structure of a [Fe,(u-O),(L),] (L=CH-
[CMeN(2,6-Et,C¢H3)],) (2) complex containing 4-coordinate
iron(III) ions in tetrahedral geometry. Complex 2 exhibits a
Fe—Fe separation of 2.53 A, which is at the lower end of the
proposed range of iron separations suggested for X and Q.
The X-ray absorption near-edge spectrum (XANES) of 2
shows a large pre-edge intensity (Figure 2). Furthermore, 2
represents a rare example of an O, derived Fe,(p-O),
diamond core, which reproduces some of the spectroscopic
features of Q, despite being two-electrons more reduced.

Results and Discussion

Reaction of the previously reported complex [L,Fe,(u-H),]
(1) (where L is the bulky B-diketiminato ligand in
Scheme 2) with O, in tetrahydrofuran (THF) or toluene at
—90°C gives red-brown [L,Fe,(u-O),] (2) in near-quantita-
tive yield. The conversion of 1 to 2 can be followed by UV/
Vis absorption spectroscopy. Bubbling of O, at —80°C to a
toluene solution of 1 leads to the appearance of two new
bands at 410 nm (g£,,,,=1300 M'cm™") and 550 nm (e, =
1300 M~'cm ™) corresponding to 2 (Figure S1). We suggest a
mechanism, whereby 1 acts as a masked Fe' precursor; 1
undergoes H, elimination to generate the transient dinuclear
[LFe'], complex, which activates O, to form 2. Notably,
similar intramolecular reductive H, elimination reactions
have been noted previously in a series of dinuclear nickel B-
diketiminato complexes.**¥ The attenuated total reflection
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Scheme 2. Synthesis of the complexes 2—4.
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Fourier-transform infrared (ATR-FTIR) spectroscopy cor-
roborates the incorporation of both oxygen atoms of O, in 2,
consistent with this mechanism. In the ATR-FTIR spectrum
(Figure 1C), two prominent bands at 561 cm ' and 590 cm ™
are shifted to lower energies by 26 cm™ !
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Figure 1. A) Molecular structure of 2 (hydrogens and a crystalized
toluene omitted for clarity; Fe black, O light grey, N grey, C dark
grey)."! Thermal ellipsoids are drawn at 50% probability level. B) Molar
paramagnetic susceptibility data for 2 (dots) recorded at 7 T, plotted as
Xpm T Vs. T. The overall fit to the data is plotted as a solid line, while the
3.3% paramagnetic impurity is plotted as a dashed line. Inset: Zero
field Méssbauer spectra at 15 K of 2 (§=0.30 mms™',

AEq=1.50 mms~', 98%). C) ATR-FTIR spectra of solid 2 (black) and
30-labelled 2 (grey).

Table 1: Comparison of the most important bond lengths of the
complexes (averaged distances, in A). For the DFT calculated structure
of 2 see Figure S18.

2 2 2 3 3 (XAS) 4
(XAS)  (XRD)  (DFT)  (XRD)" (XAS)
Fe-Fe 251 253 254 3.6 3.04 2.91
FeeO 181 185 184 199 1.97 1.76
2.03
Fe-N 197 2.0 200 206 2.05 2.01
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respectively, when employing O, in the synthesis of 2.
According to the density functional theory calculations
(DFT) (Figure S2), these bands correspond to the asymmet-
ric and symmetric “breathing” modes, respectively, of the
[Fe,(u-0O),] diamond core in 2 and are calculated at 570 cm™
and 595 cm ™, respectively.

The same compound 2 can also be accessed in quantita-
tive yield by adding two equivalents of TEMPO (2,2,6,6-
tetramethylpiperidin-1-oxyl) to the [L,Fe",(u-OH),] com-
plex 3 (Scheme 2 and Figure S3), which, in turn, is generated
by the reaction of 1 with H,O (for molecular structure see
Figure S4 and for *’Fe-Mossbauer spectrum see Figure S5A).
The molecular structure of 2, shown in Figure 1A and
Figure S6, consists of a centrosymmetric [Fe,(u-O),] rhomb
with the two nitrogen atoms of the B-diketiminato ligand
completing the distorted tetrahedral environment of each
iron centre. Complex 2 represents a rare example of a
crystallographically characterized [Fe,(u-O),] diamond core
structure containing four-coordinate Fe centres,'? and it
exhibits some unique structural features compared to those
of the previously reported [Fe™,(u-O),(6-Me;TPA),J**,"
[Fe""Fe"V(u-0),(5-Et,TPA),* ! [Fe™Fe'™ (u-0),(TPA*),]**,
and [Fe"Fe'(u-O),(TPA*),]’" complexes. Firstly, the
Fe—Fe distance decreases dramatically from 3.06(3) A in 3
to 2.5269(4) A in 2 (Table1). The latter distance is
comparable to the Fe—Fe distance of 2.46 A reported in the
initial EXAFS analysis of intermediate Q,*? which is now
attributed to arise from metallic iron contributions.?
Secondly, the Fe—O-Fe angle of 86.43(5)° is one of the
smallest values for synthetic [Fe,(u-O),] motifs and may
reflect increased repulsion between the two oxido bridges.
Notably, the average Fe—O distance of 1.85 A for 2 is
comparable to the Fe—O distance of intermediate Q
(Table 2).P

X-ray absorption spectroscopy provides insights into the
redox state and coordination geometry of the iron com-
plexes (Figure2, Table 1, Figures S7-S12, Tables S1-S5).
The K-edge energy of 2 at 7123.340.2 eV suggests two Fe™
centres, which is in contrast to the one of 3 (7119.7 eV)
containing two Fe" centres.

Table 2: Comparison of the main structural and spectroscopic features of intermediate Q and 2.

Intermediate Q

Fe—O vibration(s) 556 cm™', 690 cm ' B

Fe—O distance 1.85 AP

Fe—Fe distance 2.46 A PIE
~3.4 A1[3bl[b]
2.69-3.0 APl

Fe K-edge energy 7126.2 eViblbd
Fe pre-edge energy 7114.0 eVBbibd
Fe pre-edge area 4213ab]

2Bl
UV/Vis absorption 430 hmBd

Méssbauer

0=0.17mms™", AEg=0.53 mms"'

561 cm™', 590 cm™'
1.8571(12) A

1.8332(11) A

2.5269(4) A
2.50(2) A®

7123.3(0.2) eV
7114.3(0.2) eV¥
41(3)@

415 nm, 530 nm
0=030mms"", AEg=1.50 mms’

[a] XAS with a calibration energy of 7112.0 eV; [b] HERFD XAS with a calibration energy of 7111.2 eV; [c] NRVS; [d] We note that comparison of
pre/K-edge parameters from conventional or HERFD XAS may be limited due to spectral shape changes.
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Figure 2. XAS spectra of 2 and 4. A) XANES spectra (K-edge energies in
the inset). B) Fourier-transforms of the k-space EXAFS spectra as
shown in the inset (grey lines, experimental data; black lines,
simulations). See Figures S7-512 and Tables S1-S5 for simulation
parameters and further XAS data.

Analysis of the extended X-ray absorption fine structure
(EXAFS) data of 2 in powder and acetonitrile (CH;CN)
solution samples yields similar metrical parameters, which
are in good agreement with the crystal data for 2 (Table 1,
Figure S7). Also, the EXAFS data of 3 with di-u,-hydroxido
bridged Fe" centres comply well with the molecular
structure. The best-fit results for 2 comprise two oxygen
ligands at 1.81+0.02 A, which are assigned to the [Fe,(u-
0),] unit, as well as two nitrogen donors at 1.97-+0.02 A,
belonging to the B-diketiminato ligands. An additional Fe
scatterer at 2.50+£0.02 A is needed for a good simulation of
the experimental spectra, thereby showing that the dinuclear
structure with an exceptionally short Fe—Fe distance is also
largely maintained in solution. Notably, for 2 in CH;CN
solution an EXAFS contribution of a second species with
longer Fe—Fe distance (~3.0 A, TablesS2 and S5) was
increased at the expense of the ~2.5A distance of 2,
suggesting limited formation of a more oxidized form of the
complex (as characterized further below).™ A small con-
tribution from the species with a ~3 A Fe—Fe distance may
also be present already in the powder material of 2
(Tables S2 and S5) as suggested also by the relatively large
Debye-Waller factor of the short Fe—Fe distance (Table S1).
Notably, also small metallic iron background contributions
may not be fully excluded for the dilute solution samples,
which may diminish the visual contributions of the Fe—Fe
distances to the FT EXAFS spectra due to interference
effects.l'”) Similar EXAFS properties were found for 2 in
butyronitrile and acetone solutions but increasing amounts
of species with ~3.5 A Fe—Fe distances were detected,
possibly reflecting the formation of degradation products
such as iron-oxides (data not shown). The Fe K-edge of 2
features an intense pre-edge feature at ~7114.3 eV, which is
due to the pronounced asymmetry in bond lengths at the
near-tetrahedral iron centre. Its intensity in powder and
various organic-solvent samples (Figure S9, Table S3) is
comparable to that observed for Q in HERFD XAS spectra
(Table 2).F"]

The zero-field Mossbauer spectrum of 2 (Figure 1B
inset) shows a single quadruple doublet with an isomer shift
6=030mms™' and a quadrupole splitting AE,=
1.50 mms ™!, which is considerably different from that in Q
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with =0.17 mms™ and AE,=0.53 mms~', respectively.'"”

These values are consistent with the presence of high-spin
Fe™ centres in 2 so that it is two equivalents less oxidized
compared to Q. Molar paramagnetic susceptibility data for 2
and spin-Hamiltonian-based simulations thereof are plotted
in Figure 1B. The value for yx,,, T decreases approximately
linearly with temperature from 1.19 cm*mol 'K at 300 K to
023 cm’mol 'K at 73 K, indicative of antiferromagnetic
interaction of the Fe™ spins. Further lowering of the
temperature results in a nonlinear, less steep decrease,
reaching 0.09 cm’mol™ K at 14 K. The temperature range of
this levelling of the linear decrease is determined by the
coupling strength and allows for fitting of J. The fact that
Xpm 1 does not converge slowly towards zero, but instead
drops again more rapidly from ~14K towards
0.02 cm®mol 'K at 2K is due to the presence of a small
percentage of paramagnetic impurity (see Supporting In-
formation for details). The simulation yields optimized
parameters g=2.052 and J=-97 cm™'. While the slight
deviation of the g-value from the free electron value of 2.002
is likely due to imperfect measurement of the sample mass,
the coupling constant J is nonetheless very accurate, as the
curvature that it defines is unaffected.

Because 2 is more reduced relative to intermediates X
and Q, we explored the electrochemistry of 2 to oxidize it to
the mixed valent Fe"™Fe"™ and Fe'VFe' forms. In cyclo-
voltammetric studies (Figure S13), scanning anodically from
0V versus the ferrocenium/ferrocene couple (Fc') elicits
an oxidative wave with a peak potential E,,=+0.72V
versus Fc™ for 2 in CH;CN at room temperature; scan
reversal below —0.5 V gives rise to a reductive wave with a
peak potential E, =—0.47 V, which is not observed unless
the oxidative wave at +0.72 V is also present. Although not
strictly reversible according to CV criteria, the oxidation of
2 to the one-electron oxidized species 4 could be achieved
by spectropotentiometric and chemical methods. In UV/Vis
spectroelectrochemistry, the oxidation wave at +0.72 'V is
associated with a decrease in intensity of the characteristic
feature of 2 at 415 nm and increasing intensity of absorption
features at 470 nm and 690 nm (Figures S14 and S15).
Similar changes were also observed during the chemical
oxidation of 2 to 4 in presence of NO*SbF,~ as an oxidant
(E=+0.87V vs Fc™ in CH,CN). Titration experiments
with different amounts of NO*SbF,~ showed that exactly
one equivalent of oxidant is required for achieving max-
imum intensity at 690 nm, thereby confirming 4 as the one-
electron oxidation product of 2 (Figure 3A inset and Fig-
ure S16).

While 2 is silent in X-band electron paramagnetic
resonance (EPR) spectroscopy, the formation of 4 is
associated with the generation of a signal at g=4.3
corresponding to the S=5/2 ground state of 4 (Figure 3B
inset and Figure S17). “Fe Mossbauer spectroscopy demon-
strates that the oxidation occurs at the B-diketiminato ligand,
rather than at the iron atoms. The spectra of 4 in a frozen
acetone/CH;CN 10/1 solution can be well fit with two
overlapping quadrupole doublets in 1:1 ratio, formally
representing the locally high-spin Fe™ (§=0.31 mms~},
AE,=133mms™') and low-spin Fe™ (6=0.46mms,
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Figure 3. A) UV/Vis Spectral changes associated with the conversion of
2 (bold line) to 4 (dotted line) in presence of NO*SbF,~ as an oxidant.
The inset shows the spectral titration experiment revealing that
approximately 1 equiv of NO*SbF¢™ is required for achieving maximum
intensity of the 690 nm band corresponding to 4; more than 1 equiv of
NO*SbF,~ leads to a decay of 4. B) The Méssbauer spectrum recorded
on a frozen acetone/CH;CN 10/1 solution of 4 (bold) at 12 K with the
simulation of two subspecies (sub1: d=0.31 mms™,
AEq=1.33mms"', 50% dashed line; sub2: =0.46 mms™",
AEG=1.72 mm s™', 50%, dotted line). The inset shows the X-band EPR
spectrum of 4 in frozen acetone/CH;CN 10/1 solution at 5 K.

AEo=1.72 mms™") centres.'” In contrast to the four-coordi-
nated tetrahedral high-spin Fe™ site, the low-spin Fe™
centre, which is attached to the oxidized B-diketiminato
ligand (L**) is presumably five- or six-coordinated with
additional CH;CN donors. This is also evident from ESI-MS
data, which shows a peak at m/z=907.5 (Figure S18) that
can be assigned to a [Fe,O,L,(CH;CN)]* species. The S=1/
2 low-spin Fe™ centre must be coupled antiferromagneti-
cally to L** giving a total-spin of S=5/2 for the
[(L)Fe™O,Fe™(L**)(CH;CN)]" core in 4, as evident from
the g=4.3 signal in the X-band EPR spectrum. Additional
binding of solvent(s) is also visible in the XANES spectrum
of 4, which reveals an increased primary maximum and
diminished pre-edge amplitude relative to the spectrum of 2
(Figure 2, Figure S9). These features are indicative of a
more centro-symmetric coordination at the iron centres in 4
compared to 2. Qualitatively similar but less pronounced
XANES changes were detected for oxidation of 2 in
butyronitrile or acetone solutions (not shown). Indeed,
EXAFS analysis of 2 in CH;CN (and less pronouncedly in
butyronitrile or acetone) after oxidation by addition of NO*
SbF,~ revealed an increased 1*-sphere coordination number
of 5-6, as evident from the pronouncedly increased main
Fourier-transform peak (Figure 2), as well as rising contribu-
tions of a longer Fe—Fe distance of ~3 A due to increasing
concentrations of 4 (Figures S11, S12, Tables S4 and S5).
However, the K-edge energy increased only slightly (
~0.4 eV) relative to the value obtained for 2 (Figures 2 and
S10), further corroborating the ligand-based oxidation in 4.

Conclusion

In summary, we report the synthesis and characterization of
an O,-derived four-coordinate [Fe,(u-O),]*" complex 2 and
show that lower coordination number for the irons allows
much more flexibility in the diamond core than proposed
based on many other computational and experimental
studies. Notably, the concept of building in flexibility by
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diminishing the metal coordination number has broader
mechanistic significance because such changes within en-
zyme reaction cycles are used often by nature to drive
respective catalysis. Furthermore, comparison (Tables 2 and
S9 in Supporting Information) of the XANES data of the
“closed” Fe",(u-0), core motif of 2 with a short Fe—Fe
separation of 2.53 A and the values for Q and for a synthetic
higher-valent open core (OH)Fe"—O—Fe'(O) complex!'”!
with a larger Fe—Fe distance of 3.32 A reveals that their pre-
edge energies and intensities may reach similar values. The
large pre-edge intensity of 2 can be plausibly attributed to
enhanced p/d-mixing in a four-coordinate 7T, iron site with
considerable asymmetry due to short Fe—py—O bonds,
facilitating dipole-forbidden 1s—3d electronic transitions.
Whether such a phenomenon in a [Fe',(u-O),]*" diamond
core motif, where at least one of the Fe centres is five-
coordinate, as suggested in recent theoretical studies,*>!
could also account for the resonant X-ray absorption
features of Q is a particularly intriguing question, which
should be verified in future studies. Oxidation of complex 2
leads to the oxidation of the ligand instead of the metal,
generating a novel example of a diiron(IIT) complex, 4,
containing a non-innocent B-diketiminato ligand.
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