8310 Inorg. Chem. 2010, 49, 8310-8322
DOI: 10.1021/ic100870v

Inorganic: Chemistry

: Article

Mossbauer, Electron Paramagnetic Resonance, and Density Functional Theory
Studies of Synthetic S=/, Fe"'—0—Fe'""=0 Complexes. Superexchange-Mediated

Spin Transition at the Fe''=0 Site

Raymond F. De Hont," Gengiang Xue,* Michael P. Hendrich,! Lawrence Que, Jr.,**

Emile L. Bominaar,* and Eckard Miinck**

" Department of Chemistry, Carnegie Mellon University, Pittsburgh, Pennsylvania, 15213, and
*Department of Chemistry and Center for Metals in Biocatalysis, University of Minnesota,

207 Pleasant Street SE, Minneapolis, Minnesota 55455

Received May 3, 2010

Previously we have characterized two high-valent complexes [LFe'(1-0),Fe"'L], 1, and [LFe'V(0)(u-0)(OH) Fe''L],
4. Addition of hydroxide or fluoride to 1 produces two new complexes, 1-OH and 1-F. Electron paramagnetic resonance
(EPR) and Mossbauer studies show that both complexes have an S = '/, ground state which results from
antiferromagnetic coupling of the spins of a high-spin (S, = %/,) Fe"" and a high-spin (S, = 2) Fe'" site. 1-OH can also be
obtained by a 1-electron reduction of 4, which has been shown to have an Fe'Y=0 site. Radiolytic reduction of 4 at 77 K
yields a Mossbauer spectrum identical to that observed for 1-OH, showing that the latter contains an Fe'V=0.
Interestingly, the Fe'Y=0 moiety has S, = 1in4and S, =2in 1-OH and 1-F. From the temperature dependence of the
S="/, signal we have determined the exchange coupling constant J (7= JS, - Sy, convention) to be 90 -+ 20 cm ™~ for
both 1-OH and 1-F. Broken-symmetry density functional theory (DFT) calculations yield J= 135 cm ™" for 1-OH and J=
104 cm ™" for 1-F, in good agreement with the experiments. DFT analysis shows that the S, = 1 — S, = 2 transition of
the Fe'Y=0 site upon reduction of the Fe''—OH site to high-spin Fe"' is driven primarily by the strong antiferro-

magnetic exchange in the (S, = °/», Sy = 2) couple.

1. Introduction

Non-heme diiron enzymes catalyze the oxidation of various
substrates by dioxygen.'”* This class includes methane
monooxygenase (MMO) and other related monooxygenases,
fatty acid desaturases,” and Class I ribonucleotide reduc-
tases (RNR).® High-valent intermediates are implicated in
the catalytic mechanisms for these enzymes.>*’ For example,
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intermediate Q of MMO effects the hydroxylation of
methane;®~'? on the basis of extended X-ray absorption fine
structure (EXAFS) studies, Q has been proposed to have an
[Fe'V,(u-0),] diamond-core."® Related diiron(IV) oxidants
may be involved in the catalytic cycles of fatty acid desatu-
rases and other diiron monooxygenases resulting from clea-
vage of the O—O bond in observed peroxo intermediates,'* ™'
but direct evidence for such diiron(IV) species has not been
obtained. On the other hand, intermediate X of RNR has an
S ="'/, Fe—0—Fe'" core that is responsible for the genera-
tion of a catalytically essential tyrosyl radical that initiates
ribonucleotide reduction.!”'® A related intermediate has also
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Scheme 1. Interconversion among High-Valent Diiron Complexes
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“HS (high-spin) and LS (low-spin) refer to the spin states of the
individual iron center in each complex.

been observed for the 1100W mutant of toluene monooxy-
genase."” For all high-valent diiron intermediates described
thus far, the iron(IV) centers are in the high-spin configura-
tion 381719

In an effort to provide structural, electronic and functional
models for the high-valent states of intermediates Q and X,
we have synthesized complexes with [Fe""Fe"" (4-O),] (1) and
[Fe'Y(u-0),] (2) diamond-core structures.’*”** The com-
plexes of the present study (scheme 1) use tris(3,5-dimethyl-
4-methoxylpyridyl-2-methyl)amine as ligand L, which co-
ordinates to each iron via four N donors. The starting material
for generatmg the high-valent complexes is the diferric
precursor [Fe "' (u-0)(OH)(H,0)(L),](ClO4)s, 3, in which
the two iron sites are high-spin. From this precursor we have
been able to generate by reaction Wlth H202 the valence
delocalized S = 3/, Fe"Fe'Y complex 1,% the diamond core
diamagnetic diiron(IV) complex 2 (local spms Sa =8, =1
are dntlferromagnetlcallxlcoupled to S = 0),%> and the open-
core complex [HO—Fe'Y—0—Fe'Y=0], 4, a complex con-
taining S, = Sy, = 1 sites that are ferromagnetically coupled
toyield a system with §' = 2. 23,24 EXAFS studies of 4 indicate
a1.65 A Fe'V=0 bond and a 3.32 A Fe—Fe distance (2.73 A
for 2),%* suggesting an open core structure.

The iron sites in the nitrogen-rich complexes 1, 2, and 4 are
low-spin, which stands in contrast to the high-spin (S, = 2 or
3/, S, = 2)sites in intermediates Q and X.*** The high-spin
nature of the iron centers in the enzyme intermediates quite
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Figure 1. DFT-optimized structure of 1-OH. In the structure optimization,
the Me- and MeO- substituents of ligand L have been replaced by hydrogen
atoms. This optimized structure is similar to that of diiron(IV) complex 4.

likely derives from the fact that the iron ligands are predomi-
nantly oxygen donors.' Density functional theory (DFT)
calculations have suggested that S, = 2 Fe'" sites have higher
reactivity than S, = 1 sites, because the former can effectively
employ unoccupied o-frontier orbitals.”*~2* Additional re-
activity channels are likely to become available if the dia-
mond core can be opened by transforming one of the bridging
oxo ligands, of say 1 or 2, into a terminal oxo functionality.

We have recently succeeded® in transforming 1 into a
new complex, 1-OH, with a valence-localized [HO—Fe'""'—
O—Fe'"Y=0] open core for which the iron sites are high-spin
(Figure 1). The new short-lived intermediate 1-OH oxidizes
the C—H bond of 9,10-dihydroanthracene a million-fold
faster than 1. More recently we have also been able to obtain
by treatment of 1 with fluoride the related open-core complex
1-F, which has an [F—Fe'""'—0—Fe'Y=0] core that is closely
related to that of 1-OH. Here we report extensive Mossbauer
and electron paramagnetic resonance (EPR) studies of the
S = '/, ground states of 1-OH and 1-F. By variable tempera-
ture EPR we have determmed the exchange couplmg con-
stants J (in % = JS.Sh, Sa 3/5, S, = 2)tobe~90cm ' for
both 1-OH and 1-F. Radlolytlc reduction experiments of 4 at
77 K, described below, yielded Mossbauer spectra essentially
identical to those of 1-OH, suggesting that 4 and 1-OH have
the same structure, that is, the high-spin Fe'V site in 1-OH has
a terminal oxo group. We also report DFT calculations that
give insight into the electronic structure of 1-OH and 1-F. In
particular, these calculations suggest that exchange interac-
tions are an essential determinant for the transition from
Sy, = lindto S, = 2in 1-OH and 1-F.

2. Materials and Methods

2.1. Materials. Tetrabutylammonium fluoride (BuyNF)
hydrate purchased from Aldrich (98%) was dried under
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vacuum at 40 °C.*° Butyronitrile (PrCN, 99%+) pur-
chased from Aldrich was purified and dried with reported
procedures.>’ Anhydrous CH,Cl, and MeCN were pur-
chased from Aldrich and used as received. Complexes 1,
4, and 1-OH were prepared following reported proce-
dures.?>* The [Fe""(L)C1,]C1O, complex was synthesized
by modification of a reported procedure for the preparation
of the analogue supported by the tris(2-pyridymethyl)-
amine (TPA) ligand.*> EA: Calcd. for [Fe(L)Cl]ClOy-
Hzo (C27H38C13F6N40g)2 C, 4575, H, 540, N, 791, Cl,
15.00. Found: C, 45.57; H, 5.34; N, 7.87; Cl, 14.86.

2.2. Generation of 1-F. To complex 1, solutions (in
mixtures of 3:1 PrCN/MeCN or CH,Cl,/MeCN to promote
glass formation upon freezing) maintained at —80 °Cin a
UV —viscell were added 1.5 equiv of BuyNF. The decay of
1 and formation of 1-F were respectively monitored by the
absorption decrease at 620 nm and the absorption incre-
ase at 385 nm.

2.3. Preparation of EPR and Mossbauer Samples. The
frozen samples for EPR and Mossbauer studies typically
contain 1.6 to 2.4 mM iron (0.8 mM to 1.2 mM diiron
species) in either 3:1 CH,Cl,/MeCN or PrCN/MeCN
mixed solvents. The samples for Mossbauer were prepared
with the latter mixed solvent and contained 95%°'Fe
isotope. 3:1 MeOH/MeCN was used for preparing the
samples for radiolytic reduction, as solvents with high
polarity increase the reduction efficiency.

2.4. Physical Methods. Mossbauer spectra were re-
corded with two spectrometers using Janis Research
Super-Varitemp dewar flasks that allow studies in applied
magnetic fields up to 8.0 T in the temperature range from
1.5 to 200 K. Mossbauer spectral simulations were per-
formed using the WMOSS software package (SEE Co.,
Minneapolis, MN). Isomer shifts are quoted relative to
iron metal at 298 K. Perpendicular (9.63 GHz) mode
X-band EPR spectra were recorded on a Bruker ESP 300
spectrometer equipped with an Oxford ESR 910 liquid
helium cryostat and an Oxford temperature controller.
The microwave frequency was calibrated with a frequency
counter and the magnetic field with an NMR gaussmeter.
The quantification of all signals was relative to a Cu-
EDTA spin standard. The sample temperature of the
X-band cryostat was calibrated with a carbon glass resistor
(LakeShore CGR-1-1000) placed at the position of the
sample in an EPR tube. The EPR simulation software
(SpinCount) was written by one of the authors. All simu-
lations are least-squares fits of the experimental spectra
generated with consideration of all intensity factors,
which allows computation of simulated spectra for a
specified sample concentration. The simulations, there-
fore, can be used for a quantitative determination of the
signal intensities for each complex. The Windows soft-
ware package (SpinCount) is available for general appli-
cation to any mono- or dinuclear metal complex by conta-
cting M. P. Hendrich. Samples were y-irradiated (**Co;
total dose of 50 kGy) at the y-irradiation facility of the
Breazeale nuclear reactor at Pennsylvania State University.
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During radiation, samples were maintained at 77 K by
immersion in liquid N,.

To generate the data of section 3.7, we have studied the
power saturation at each temperature, generated tem-
perature calibration curves using a copper standard and a
carbon glass resistor, and repeatedly checked data points
that seemed to lie unexpectedly high or too low.

DFT calculations were performed using Becke’s three-
parameter hybrid functional (B3LYP) and basis set 6-311G
provided by the Gaussian 03 (revision E.0l) software
package.>® The *’Fe hyperfine parameters were calcu-
lated using the properties keyword of the Gaussian code.
>TFe isomer shifts, 0, were evaluated from the DFT charge
density at the iron nucleus using the calibration give by
Vrajmasu et al.>* The coordinates for the optimized
structures of the broken-symmetry states for 1-OH,,
and 1-F,, are listed in Tables S4 and S5 of the Supporting
Information.

3. Results

3.1. Formation of the Open-Core Fe"'Fe'¥ Complexes
1-X. Previously,?® we showed that addition of 3 equiv of
BuysNOH to complex 1 at —60 °C resulted in the forma-
tion of a new species 1-OH (Scheme 1). 1-OH exhibits an
absorption feature near 450 nm and an isotropic S = '/,
EPR signal at g = 2.00. The yield of 1-OH estimated by
double integration of the g = 2 EPR signal was only 40%
with respect to 1, presumably because of its short lifetime
at —60 °C, as complete decay occurred within 10 min.
Attempts to generate 1-OH by this method at lower
temperatures were hampered by problems with incom-
plete conversion and ice formation from water present in
the BuyNOH, which is obtained as a tridecahydrate. Alter-
natively, 1-OH can be generated in ~72% yield through
one-electron reduction of the [HO—Fe!Y—0O—Fe'V=0]
complex 4 at —80 °C. 1-OH generated by reduction of 4 at
—80 °C also has a longer lifetime (~1 h), which facilitates
trapping and characterization of this fleeting interme-
diate.”” However, the presence of a diferric contaminant
(~37% of the total iron) in the samples of 4 reduced the
overall yield of 1-OH to ~52% with respect to all iron
species.

We have found that addition of BuyNF to 1 led to the
formation of a species closely related to 1-OH. We postu-
late that F, like OH ", binds to 1 and converts it to the
open-core complex 1-F (Scheme 1). Because BuyNF could
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Figure 2. Spectrophotometric changes observed upon formation and
decay of 1-F. The green, red, and black lines respectively represent the
spectra of 1, 1-F, and the decay product (after 0.5 h at —80 °C). Solvent:
3:1 CH,Cl,-MeCN.

be dried to a virtually anhydrous form,* its use avoided
the problems associated with BuyNOH - 30H,0O at —80 °C.
Similar to 1-OH, 1-F shows a near UV absorption feature
with A,.x at 385 nm (Figure 2). 1-F was generated in
~74% yield with respect to all iron species, and provided
us with a substantially purer sample that facilitated
deconvolution of the Mossbauer spectra of the valence-
localized Fe'"Fe'Y complexes. Moreover, the appearance
of 'F superhyperfine splitting in the EPR spectra of
1-F (see below) would be solid evidence for F~ binding
to 1. Because of the spectral similarities between 1-F and
1-OH, we expect the two complexes to have similar valence-
localized X—Fe—0O—Fe"Y=0 open cores.

3.2. EPR Studies. The EPR spectra of 1-OH and 1-F
were studied in either 3:1 CH,Cl,/MeCN or 3:1 PrCN/
MeCN (PrCN = butyronitrile), while only the latter solvent
system was used for preparing Mossbauer samples. Both
solvent mixtures form frozen glasses, which give rise to
sharper EPR and Mossbauer signals, facilitating the
spectral analysis. The EPR spectra of 1-OH are essen-
tially identical in both solvent mixtures, suggesting that
its structure is not affected by the difference in solvents.
The CH,Cl,/MeCN mixture, however, produced samples
of higher EPR purity (>96%) and was therefore used for
most of the studies (we emphasize that the term “EPR
purity” refers to the intensity of signals of interest relative
to the combined intensity of all EPR signals). A typical
EPR sample of 1-OH was prepared by first reacting 1.2 mM
diferric precursor with H,O; to yield 0.9 mM 4 (based on
the intensity of its 705-nm band with an & of 2500 M~
em™ H** and 0.3 mM diferric material (see Mssbauer
spectra below), followed by treatment with 0.9 mM ferrocene.
The sample of Figure 3A had an S = '/, spin concentra-
tion of 0.65 mM, suggesting a 4 — 1-OH conversion yield
of 72%. The main contaminant (diferric species) is EPR
silent and does not affect the spectral analysis.

Figure 3A shows an X-band EPR spectrum of 1-OH in
3:1 CH,Cl,-MeCN recorded at 35 K. 1-OH exhibits an
S = '/, resonance centered at g = 2 with a peak-to-trough
width of 3.4 mT. Depending on line width assumptions,
the spectrum can be fitted with various combinations of
g-values that are confined to the range 1.99—2.01. Toge-
ther, the two iron sites of 1-OH have 8 nitrogen ligands

Inorganic Chemistry, Vol. 49, No. 18,2010 8313
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Figure 3. X-band (9.63 GHz) EPR spectra of (A) 1-OH and (B) 1-F in
3:1 CH,Cl,-MeCN. The red lines are least-squares fits with (A) g = 2.002
and (B) = (1.99,2.01,2.01), and five equivalent "*N nuclei with (A) A4 =
21 MHz and (B) A4n = 16 MHz. The fit in (B) includes one '°F nucleus
with A = (92, 113, 253) MHz where the coordinate system is suggested
by DFT calculations described below. The small shoulder near 342 mT
in (B) belongs to a minor contaminant. Experimental parameters:
temperature, 27 K; microwave power, (A) 2 uW, (B) 20 uW; modulation,
0.3 mT.

(Figure 1), and our DFT calculations (see Supporting
Information, Figure S5 and Table S3) suggest that 5 of
these nitrogens have anisotropic magnetic hyperfine cou-
pling constants of comparable magnitude and anisotropy,
with A-tensor components ranging from 14 to 24 MHz,
implying that unresolved '*N hyperfine couplings con-
tribute substantially to the width of the resonance. We
have least-squares fitted (red line) the spectrum of Figure 3A
with an isotropic g-tensor and a hyperfine contribution
from five equivalent isotropic N A-tensors; the results
are listed in the caption of Figure 3. The best fit shown in
Figure 3A was obtained by using A 45 = 21 MHz, which
is consistent with the range of A-values from DFT
calculations.

Figure 3B shows an EPR spectrum of 1-F. Like 1-OH,
this intermediate also has g-values near g = 2. The g = 2
feature, however, is split by substantial '’F hyperfine
interactions,?” showing that fluoride not only causes core
isomerization of 1 (see below), but becomes incorporated
into the EPR-active complex.

Analysis of the spectrum of Figure 3B in a similar
manner as for 1-OH afforded a least-squares fit to the
spectrum (see red line) with the parameters quoted in the
caption of Figure 3. These parameters are very similar to
those associated with 1-OH, suggesting similar electronic
structures for the two complexes. The g and Ay tensors
are found to be nearly axial, and as with 1-OH, the fit
includes five equivalent isotropic N A-tensors with
Asn = 16 MHz. To our knowledge the '°F hyperfine tensor
deduced to be on the Fe''" site is the largest observed to
date for an iron complex (e.g., compare A, ~ A, ~ 63 MHz,

(35) Morimoto, H.; Kotani, M. Biochim. Biophys. Acta 1966, 126, 176~
178.
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Figure 4. Mossbauer spectra of 1-F in 3:1 PrCN/MeCN recorded at
4.2 K in 50 mT fields applied parallel (A, B) and perpendicular (C) to
the observed y rays. The red line in (A) outlines the contribution of a
diferric species (22% of Fe; a decay product). The spectra in (B) and
(C) were obtained by removing the diferric species from the raw data.
The solid red lines in (B) and (C) are spectral simulations for 1-F based
on eq 1 using the parameters listed in Table 1. The dashed lines
drawn above the data show the contributions of the Fe""" (black) and
Fe'Y (blue) sites.

A. = 120 MHz for metmyoglobin fluoride).”® As the
Mossbauer data reveal the spin structure of 1-OH and
1-F, we defer variable temperature EPR studies to section
3.7.

3.3. Mossbauer Spectra of 1-F. Figure 4 shows 4.2 K
Mossbauer spectra of 1-F in 3:1 PrCN/MeCN recorded
in fields of 50 mT applied parallel (A, B) and perpendi-
cular (C) to the observed y-rays. The central doublet in
Figure 4A with AEg = 1.5 mm/s and 0 = 0.45 mm/s
(= 22% of total Fe) belongs to a diferric decay product.
The spectra of Figures 4B and C, representing 1-F, were
obtained by subtracting the contribution of the diferric
contaminant from the raw data. The remainder of the
absorption belongs to two spectroscopic components
(each ~37% of Fe) exhibitin§ paramagnetic hyperfine
structure. The field dependence’® proves that both compo-
nents are associated with the S = '/, species of Figure 3B.
Data recorded in strong applied magnetic fields (see Figure 5)
show that the spectral component with the larger split-
ting, Fe,, has a magnetic hyperfine tensor, A, with nega-
tive components whereas the second site, Fey, exhibits
positive A-values (in the S = !/, representation we use
capital letter for the magnetic hyperfine tensors). This
type of behavior is well documented and understood for
the antiferromagnetically coupled Fe'"Fe'" sites of [Fe,S,]
ferredoxins,’” >° Fe'"Fe!Y intermediate X of ribonucleotide

(36) Miinck, E.; Huynh, B. H. Iron-sulfur Proteins: Combined
Mossbauer and EPR Studies. In ESR and NMR of Paramagnetic Species
in Biological and Related Systems; Bertini, I. D.; Drago, R. S., Eds.; Reidel
Publishing Company: Holland, 1979; pp 275—288.

(37) Sands, R. H.; Dunham, W. R. Q. Rev. Biophys. 1975, 7, 443-504.

(38) Miinck, E. Aspects of >’Fe Mdssbauer Spectroscopy. In Physical
Methods in Bioinorganic Chemistry; Que, L., Jr., Ed.; University Science Books:
Sausalito, CA, 2000; pp 287—319.

(39) Miinck, E.; Debrunner, P.; Tsibris, J. C. M.; Gunsalus, 1. C.
Biochemistry 1972, 11, 855-863.

(40) Dong, Y.; Kauffmann, K.; Que, L., Jr.; Miinck, E. J. Am. Chem. Soc.
1995, 117, 11377-11378.

(41) Lee, D.; Du Bois, J.; Petasis, D.; Hendrich, M. P.; Krebs, C.; Huynh,
B. H.; Lippard, S. J. J. Am. Chem. Soc. 1999, 121, 9893-9894.

(42) Zheng, H.; Yoo, S. J.; Miinck, E.; Que, L., Jr. J. Am. Chem. Soc.
2000, /22, 3789-3790.
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Figure 5. 4.2 K Mossbauer spectra of 1-F recorded in a parallel field of
50 mT (A) and 4.0 T (B). The spectrum shown in (A) is the low field
spectrum of Figure 4B. The horizontal arrows indicate the movement of
the absorption lines with increasing applied field. Outward moving lines
belong to the Fe'v site. The slanted arrows in (B) mark shoulders
belonging to the absorption of the Fe'" site in M, = +'/, state of the
ground doublet. The red solid line is a spectral simulation with eq 1 using
the parameters of Table 1.

Scheme 2. Diiron Core Structures Proposed for Intermediate X (top)
and Related Synthetic Fe""—Fe' Models*
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“Models H, N, and S for X were respectively proposed by Hoffman
etal.,”>>* Noodleman et al.,>> and Solomon et al.>® Because of the limited
spectroscopic information, no specific core structure could be proposed
for 5and 7.

reductase,'” and three Fe'"Fe'Y model complexes (see
Scheme 2 and Table 1).40%?

Figure 6A shows a 100 K spectrum of 1-F. At this
temperature the relaxation rate of the electronic spin is
larger than the nuclear precession frequencies, with the
consequence that magnetic hyperfine interactions are
(mostly) averaged out; our EPR power saturation studies
show that the fast relaxation at 100 K reflects a dominant
Raman process.** As can be seen from the persistence of
some broad wings, the system is not quite in the fast
relaxation regime (We have tried to get into a faster
relaxation regime by warming up the sample to 140 K.
Surprisingly, however, the recoilless fraction decreased
by almost a factor 5 between 100 and 140 K and a good
spectrum could not be collected. Moreover, long data
collection at 140 K leads to substantial decay of 1-F; this

(43) Makinen, M. W.; Wells, G. B. Application of EPR Saturation
Methods to Paramagnetic Metal lons in Proteins. In Metal Ions in Biological
Systems: ENDOR, EPR, and Electron Spin Echo for Probing Coordination
Spheres; Sigel, H., Ed.; CRC Press: Boca Raton, FL, 1987; Vol. 22, pp 129—206.
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Table 1. ’Fe Hyperfine Parameters of 1-F and 1-OH and Related Complexes”
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site system 6 (mm/s) AEq (mm/s) Ul A/goBn (T) A8 (T) A=/goBn (T) Aiso/guPn (T)

Fe!ll 1-F 0.45 1.50 4.3 —52(2)¢ —49(2) —46(2) —48.7
1-OH 0.40 —0.60 5.1 —52(2) —52(2) —43(2) —49.2
RNR R2 Int. X/ 0.56 —0.90 0.5 —54.1 —52.6 —53.4 —53.4
5¢ 0.48 1.60 1.0 —47 —47 —47 —47
¢ 0.50 1.30 1.6 —49 —49 —49 —49
74 0.56 0.90 —0.3 —55 —51 —55 —53.7

Fe'v 1-F 0.10 0.60 —-0.7 27(2)° 19(2) 31(2) 25.5
1-OH 0.09 —0.40 10.0 29(2) 18(3) 23(2) 23.6
RNR R2 Int. X¢ 0.26 —0.60 2.7 20.0 26.8 26.8 24.5
5¢ 0.08 0.50 1.0 15 27 27 23
¢ 0.10 1.14 0.1 17 25 20 21
7¢ 0.19 0.80 -1.0 19 27 17 21

“ Experimental 4.2 K data were analyzed with eq 1. ” Because the g-tensors of 1-OH and 1-F are isotropic, the coordinates x, y, and z of the Fe"" and
Fe!V sites cannot be related experimentally for samples containing randomly oriented molecules. However, they become correlated through the D°/J
mixing when the data are analyzed with eq 4. We have labeled the coordinates such that they agree best with the DFT results. The coordinates of
complexes 5—7 and intermediate X have not been correlated and are probably better labeled with 1, 2, 3 rather than x, y, z. “ The uncertainties of the
individual A-tensor components are estimated to be +2 T. However, the A;, values are better than £0.5 T. “Data from ref 17. “ Data from ref 40.

"Data from ref 42. ¢ Data from ref 51.

Absorption (%)

Velocity (mm/s)

Figure 6. Mossbauer spectrum (A) of 1-F recorded at 100 K in a parallel
field of 50 mT. The red line in (A) indicates the contribution of a 22%
diferric contaminant (same as in Figure 4A). Subtraction of this con-
taminant yields the spectrum (hashed) of 1-F, shown in (B). The solid line
in (B) is the superposition of a doublet representing the Fe'"" site (doublet
a) with a doublet (b) belonging to the Fe'V site of 1-F. The broad wings
indicate that the electronic system has not yet attained the fast fluctuation
limit.

complex decays even at 77 K under storage with a half-life
of roughly six months. We have no indication that 1-OH
isunstable at 77 K). However, we were able to decompose
the 100 K zero field spectrum into three doublets corre-
sponding to three different iron environments. The red
curve in Figure 6A outlines the diferric component ob-
served in the 4.2 K spectra. Subtracting this component
yielded the spectrum of Figure 6B, which contains two
doublets with AEg(a) ~ 1.5 mm/s, d(a) ~ 0.45 mm/s and
AEq(b) ~ 0.60 mm/s, 6(b) ~ 0.10 mm/s. The values for
d(a) unambiguously establishes that Fe, is high-spin ferric,
Sa = /5 (the value for Ais/gsBn = —20.9 T, see below,
strongly supports this assignment). Since the cluster spin is
S = '/,, it follows that S, = 2, and by taking into account
the low value for 5(b) it follows that site b is high-spin Fe'"
(a monomeric S = 1 Fe'Y=0 complex with the same TPA
ligand has 6 = 0.01 mm/s; see Table 1 of ref 23).

(44) Sage,J. T.; Xia, Y. M.; Debrunner, P.; Keough, D. T.; De Jersey, J.;
Zerner, B. J. Am. Chem. Soc. 1989, 111, 7239-7247.

We have analyzed the low-temperature Mossbauer
spectra of 1-F and 1-OH with the S = '/, spin Hamiltonian

H = 2ﬁB~S+ Z {é'Ai'ii_gnﬁnB‘ii‘*‘%Q(i)} (1)

i=a,b

A eQVi,zz A 2 15 a2 A2
o) = (=) (31" - F vl 1) @

On the basis of the EPR data of Figure 3, we have chosen
g = 2 in the electronic Zeeman term. As the g-tensor is
nearly isotropic, the Mossbauer spectra (of our frozen
solutions) do not correlate the spatial orientations of
the tensors of the two iron sites (We will obtain below,
however, a reasonable correlation by working with the
full exchange Hamiltonian). The ground state described
by eq 1 is the result of antiferromagnetic exchange
coupling, %= J S,-S,, between the high-spin Fe'! site
and the high-spin Fe'¥ site. Using the appropriate spin
projection factors (well-known from analyses of [Fe,S,]*
ferredoxins)*® we can relate the A-tensors of the coupled
S = !/, state to the local a-tensors of the individual sites by

A, =(7/3)a, and A, = — (4/3)ay (3)

Equation 3 holds only in the strong coupling limit (see
below). The solid lines in Figures 4—6 are the result of
spectral simulations for 1-F based on eq 1 using the para-
meters listed in Table 1; spectra of the individual sites are
outlined by the dashed lines. In general, the magnetic hyper-
fine interactions of the high-spin Fe'"' sites are isotropic;
noteworthy exceptions are the ferric sites of exchange
coupled [Fe>S,]" clusters®”** and diiron(II,III) centers.****
To account for the line shape of the Fe''' site of 1-F, we
had to allow for considerable anisotropies of the A-tensor,
asindicated in Table 1 (we explain this observation below).
The value for the local (lower case letter) aiso/g0fn = (a, +
a,+ a.)/3gyfn = —20.9 T (corresponding to ajs, = —28.6
MHz) agrees within 2% with the a;,, values we have

(45) Fox, B. G.; Hendrich, M. P.; Surerus, K. K.; Andersson, K. K.;
Froland, W. A.; Lipscomb, J. D.; Miinck, E. J. Am. Chem. Soc. 1993, 115,
3688-3701.
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observed for monomeric high-spin ferric s ]pec1es mvol—
ving TPA-type ligands; for data on [Fe(L)Cl,]"
Supporting Information, F1$ure S3.

Given that AEq of the Fe " site is quite small, the line
shapes of its low temperature spectra depend essentially
on the anisotropy of the A-tensor. After subtractmg the
diferric contaminant and the contribution of the Fe'" 51te
we have least-squares fitted the spectra of the Fe'V site
making various assumptions about the range of the A-tensor
components. The best parameter set for the Fe'V site is
listed in Table 1, where we have used coordinate labels x,
y, and z that relate the measured >’Fe (and '°F) A-tensors
best to the results of our DFT calculations. Note that the
A-tensor of the Fe'" site is nearly axial and that the largest
component of the electric field gradient tensor is perpen-
dicular (along x, y) to the “symmetry” axis of the A-tensor.

Equation 3 shows that the magnetic hyperfine tensor of
the Fe'V site changes sign when expressed in the coupled
state (the minus sign in eq 3 results because the smaller
spin of the pair, Sy, is oriented antiparallel to the system
spin S). Consequently, the magnetic hyperfine splittings
of the Fe""" site will decrease with increasing applied field
(the components of a, are negative) while those of the
Fe'V site increase, as seen experimentally in the 4.0 T
spectrum of Figure 5.

3.4. Mossbauer Spectra of 1-OH. The Maossbauer
sample of 1-OH was grepared by le-reduction of the
diiron(IV) complex 4,> which in turn was obtained by
reaction of diferric complex 3 with H,O,. The spectra of
1-OH contain a high-spin Fe" contaminant (12% of Fe),
representing a collection of species, with broad features
(its outer lines are marked by arrows in Figure 7A). Its
Mossbauer features are characteristic of precipitated and
aggregated Fe'', and the samples did not exhibit EPR
features attributable to magnetically isolated high-spin
Fe'"'. Figure 7A shows a 4.2 K spectrum of a sample in 3:1
PrCN/MeCN containing about 52% 1-OH; the solid line
outlines the contribution of a 37% diferric contaminant
(already present in the diiron(IV) “starting material”),
which we have removed from the raw data together with
the high-spin Fe"! species to obtain the spectrum of Figure 7B.
The transverse field spectrum of Figure 7C was prepared
similarly. The solid lines in (B) and (C) are spectral
simulations using the parameters listed in Table 1.

3.5. Mossbauer Analysis Using the Full Spin Hamilto-
nian. In the literature, the low temPerature Mossbauer
and EPR spectra of S = '/, Fe"'Fe" and Fe"'Fe'Y com-
plexes with S, = °/, and S, = 2 are often described by
eq 1. Description by the effective S = '/, Hamiltonian,
however, is correct only in the strong coupling limit, J >
|D,, Dy|, where D, and D, are the zero-field splitting
parameters (ZFS) of Fe, and Fe,. For |D,, Dy|/J = 0.1 the
ground state properties are noticeably modified through
mixing of the ground state with S = 3/, and °/, excited
states of the spin ladder by ZFS terms, an effect some-
times referred to as D/J mixing. Mixing is recognized by
the observation of sizable anisotropies of A, ineq 1, as in
the case for 1-OH and 1-F; A, gets modified as well, but as
Ay is intrinsically anisotropic the effects of D/J mixing are
difficult to recognize. To compare the Fe'" A-tensor with
DFT calculations (which ignore spin—orbit coupling),
one has to remove the contributions from D/J mixing.
This can be accomplished by analyzing the data with the
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Figure 7. Mdssbauer spectra of 1-OH in 3:1 PrCN/MeCN recorded at
4.2 K in 50 mT fields applied parallel (A, B) and perpendicular (C) to the
observed vy radiation. The red line in (A) outlines the spectrum of a
diiron(III) contaminant; its contribution has been removed in (B) and (C).
The solid lines in (B) and (C) are spectral simulations based on eq 1 using
the parameters listed in Table 1. See also Figure 8. The arrows in (A) mark
the outer lines of a high-spin ferric contaminant.

full exchange Hamiltonian
Lo A A a2
A =JS;:So+ > D[S, —Si(Si+1)/3
i=a,b

A2 A2 A A A A
+ (Ei/Di)(Si,x - Si,y)] +2ﬂsi'B+Si'ai'Ii _gnﬂnB'Ii
+ A oli)} (4)

Using a second-order perturbation approach, Sage et al.*
have analyzed D/J mixing for the S = !/, diiron(IILII)
state of purple acid phosphatase. The crucial quantity for
mixing is the quantity D/J, where D¢ is a traceless
effective ZFS tensor. For collinear ZFS tensors for the
two sites, as we have assumed in eq 4, the diagonal
components of D° can be written as

DS, ,, = 8D,[% (E/D), — 1/3] +3Dy[ £ (E/D), — 1/3]
(5)
= (16/3)Dy + 2Dy (6)

While inclusion of D/J mixing introduces at least 5 addi-
tional unknowns, the present situation can be simplified
because Dy, is expected to dominate in eqs 5 and 6. Thus,
D~ 410 cm ™" and E/D ~ 0 have been reported for the
octahedral sites of the S = 2 complexes (H,0)sFe!Y=0%
and Fe V=0 intermediate J of taurine:aKG dioxyge-
nase,”* and the D, values are expected to be smaller than
1 cm . Therefore, eqs 5 and 6 practically reduce to
Dix yy Db and Dzz ~ 2Db

Starting with the solutions obtained with eq 1, we have
analyzed the spectra of Figures 4, 5, and 7 with eq 4, using
the 2Spin option of WMOSS. Since the 4.2 K spectra
depend only on the ratio D°/J, the problem simplifies to
finding the appropriate Dy/J ratio. The A-tensor of the
Fe'! site in 1-OH is axial, which fits quite well to the

(46) Pestovsky, O.; Stoian, S.; Bominaar, E. L.; Shan, X.; Miinck, E.;
Que, L., Jr.; Bakac, A. Angew. Chem., Int. Ed. 2005, 44, 6871-6874.

(47) Price, J. C.; Barr, E. W.; Tirupati, B.; Bollinger, J. M.; Krebs, C.
Biochemistry 2003, 42, 7497-7508.
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Table 2. Experimental and DFT (bold) *’Fe Hyperfine Parameters for 1-OH and 1-F*

system 0 (mm/s) AEq (mm/s) n D(em™) ax/gufn (T)  ay/gufu (T)  a:/guBu (T)  Giso/guPn (T)
Fe'!! 1-F,, (DFT) 0.45 1.36 0.9 —21.4 —20.8 —-20.5 —20.9
1-F (Exp.) 0.45 1.50 43 0° =209 -20.9 -20.9 -20.9
1-OH,, (DFT) 0.43 1.24 1.0 —21.4 —20.8 -21.1 -21.1°
1-OH (Exp.) 0.40 —0.60 5.1 —21.1 —21.1 -21.1 —21.1
Fe'v 1-F,, (DFT) 0.14 —0.43 0.7 —-18.5 —13.6 —26.1 -19.4°
1-F (Exp.) 0.10 0.60 —0.7 6.3 —18.67 —13.4 —26.3 —19.4
1-OH,, (DFT) 0.13 0.20 0.1 -18.5 -12.2 —-23.8 -18.2
1-OH (Exp.) 0.09 —0.40 10.0 12¢ —20.07 —12.0 -225 182

@ Experimental parameters were obtained from simulations based on eq 4 using J = 90 cm™ ! for both complexes. ® The Fermi contact term is poorly
reproduced by our DFT calculations. We have therefore used the experimental a;y, and added the calculated agp to obtain “theoretical” a-values. “ The
anisotropy of A, is smaller for 1-F than for 1-OH (see Table 1), implying that the quantity D¢/J is smaller for 1-F. We suspect that Dy, has about the same
value for the Fe'Y=0 sites of both complexes. Note that we arbitrarily set D, = 0. By usin% different values for D, (see eqs 5 and 6) we can achieve the

required D¢/J values while using the same Dy, for both complexes; it is likely that the two Fe'

Usites have a different D,. For 1-OH we used (E/D), = 0 for

1-OH and (E/D = 0.2 for 1-F. ?Errors for a-tensor components of the Fe'Y=0 sites are roughly +2 T.

0.0
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Figure 8. 4.2 K Mossbauer spectra of 1-OH analyzed with eq 4. Spectra
in (A) and (B) are the same as in Figure 7. Spectrum in (C) is a difference
spectrum obtained by forming the difference spectrum “parallel minus
transverse.” In the difference spectrum, the contributions of the two Fe'll
contaminants cancel. Solid lines are spectral simulations using the para-
meters listed in Table 2.

111

above choice of D°. In contrast, the Fe'" site of 1-F has a
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Figure 9. 4.2 K Mgssbauer spectra of 1-F analyzed with eq 4. Spectra in
(A) and (B) are the same as in Figure 4. Spectrum (C) is a difference
spectrum “parallel minus transverse field” using the data of Figure 5A and
its transverse field counterpart. Red solid lines are spectral simulations
using the parameters listed in Table 2.

rhombic A-tensor, which can be accommodated by using 0 -;Ww._..-.\““"‘ pERP e

D, = 0, Dy, # 0 and (E/D), # 0 in eqs 5 and 6. Figure 8 ol ‘b

shows simulations of the 1-OH spectra using the para- o * St

meters quoted in Table 2. Although the two Fe''! con- S 4t ;.."."

taminants in the spectra of Figure 7 can be reasonably c § on

well subtracted from the data, the spectral range between -% e

—0.5 and +1.5 mm/s is afflicted with considerable ampli- 5 0 WM

tude uncertainties. By taking the difference spectra of the 2 B : F

data taken in parallel and transverse applied field (“parallel < ol _

minus transverse field”, Figure 8C), these contaminants - ,"_f

cancel. It can be seen that our simulation of the difference L

spectrum fits the data quite well. The same procedure ar £ 2

gives excellent simulations for 1-F, shown in Figure 9, 4 ! : > :

using the parameters listed in Table 2. 10 o 0 5 10
3.6. Radiolytic Reduction of 4. As a means of determin- Velocity (mm/s)

ing the core structure of 1-OH relative to the HO—Fe'Y—
O—Fe'Y=0 open core of 4, the latter was subjected to
radiolytic reduction at 77 K,*® a temperature at which the
ligands are expected to be essentially immobile, to com-
pare the Mossbauer spectra of the radiolytically reduced
species with those derived from ferrocene reduction of 4.
Figure 10A shows a 4.2 K Mossbauer spectrum of 4 prior

(48) Davydov, R.; Smieja, J.; Dikanov, S. A.; Zang, Y.; Que, L., Jr.;
Bowman, M. K. J. Biol. Inorg. Chem. 1999, 49, 292-301.

Figure 10. Mossbauer spectra of 4 (A) in 3:1 MeOH/MeCN and 0Co
irradiated 4 (B) recorded at 4.2 K in a 50 mT field applied parallel to the
y-rays. (A) The downward brackets in (A) label the Fe'V sites of 4; the
letter “b” designates the site with a terminal oxo group. The upward
bracket marks the lines of the diferric contaminant (22% of Fe). The solid
line above the spectrum is a simulated representation of a high-spin Fe'™
contaminant, representing about 10% of the Fe. The two ferric species
were not affected by the irradiation with ®*Co. (B) Spectrum of the sample
of (A) after ®°Co irradiation at 77 K. The solid red line is the simulation of
1-OH shown in Figure 7B. The high-spin Fe'"' contaminant has been
removed using the simulation shown in (A).
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to reduction, prepared as described previously.? 65% of
the Fe of the sample yields the two doublets of 4,
previously labeled a and b,** 22% of the Fe contributes
a doublet characteristic of a diamagnetic diiron(III)
species (most likely because of residual 3 and decay
products of 4), and about 10% of the Fe belongs to an
EPR-silent high-spin ferric species whose broad features
are outlined by the simulation of Figure 10A. Figure 10B
shows a spectrum of the same sample after a 5 h irradia-
tion (dose 50 kGy) with ®°Co y-rays at 77 K. Analysis of
the spectrum showed that about half of the iron of
diiron(IV) complex 4 was converted to a species that
produces the same Mossbauer spectrum as 1-OH; the
spectral contribution of this species is outlined by the
solid line, the theoretical spectrum of 1-OH shown in
Figure 7B. The new species in Figure 10B also exhibits the
field dependence (“parallel minus transverse field”) that
links it to an isotropic EPR active species (An EPR study
of a sample irradiated together with the Mossbauer
sample revealed ~14 mM radical species in the g = 2
region that completely masked the S = '/, signal (ca. 0.2
mM) of 1-OH. Annealing at 120 K for 20 min did not
measurably diminish the concentration of radicals.). If we
make the plausible assumption that the *°Co irradiation
changes only the oxidation state but not the structure,
then the studies just described indicate that 1-OH has
essentially the same structure as 4, namely, an Fe'V site
with a terminal oxo group (Fey) and an Fe'"! site with a
terminal hydroxo group (Fe,), a suggestion supported by
the DFT studies presented below (see section 4.2).

3.7. Determination of Exchange Coupling Constants b
EPR. 1-OH and 1-F are exchange coupled Fe'''Fe'
complexes with an S = !/, ground state. The first excited
manifold in the spin ladder, the S = 3/, multiplet, is at
energy A = 3J/2. The J values of mixed-valent complexes
have been determined by power saturation studies and
then analyzed for the presence of an Orbach process for
which the rate depends exponentially on A.**** This
method works well provided that A is sufficiently small
so that the S = %/, state becomes thermally accessible
before the Raman process with its strong T° dependence
dominates the spin—lattice relaxation rate.*>* For both
1-OH and 1-F we were able to saturate the EPR signal
only up to about 60 K. A fit to the temperature depen-
dence of the microwave power at half saturation revealed
that the Raman process, rather than the Orbach process,
dominates the relaxation. We therefore have determined
A from the depopulation of the S = '/, ground state as a
function of temperature. This method is often less reliable
because even minor contaminants in the baseline can
substantially affect the determination of the spin concen-
tration of the ground state signal.

In the glassy solvent mixture 3:1 PrCN/MeCN, the
solvent used to study the Mossbauer spectra of 1-OH, we
generally observed a minor S = '/, contaminant, exhibit-
ing g-values at 2.07 and 1.93. In a related project we
produced this (unknown) species at higher concentra-
tions, obtaining g = 2.07, 1.99, and 1.93. However, by

(49) Atta, M.; Andersson, K. K.; Ingemarson, R.; Thelander, L.; Graeslund,
A. J. Am. Chem. Soc. 1994, 116, 6429-6430.

(50) Fox, B. G.; Liu, Y.; Dege, J. E.; Lipscomb, J. D. J. Biol. Chem. 1991,
266, 540-550.
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Figure 11. Temperature dependence of the population of the S = '/,

ground state of 1-OH in 3:1 CH,Cl,/MeCN. The solid line is a fit for J =
90 cm™~'. The dashed curves were calculated for J = 70 and 110 cm™".

Double and triple entries compare results obtained for repeats on different
days. Results for 1-F are shown in the Supporting Information, Figure S2.

using 3:1 CH,Cl,/MeCN we obtained a suitably pure
sample, namely, the sample of Figure 3A, in which this
contaminant represented about 4% of the total spin
concentration and, moreover, as its g-values were known
we could remove its contribution reasonably well. For the
CH,Cl,/MeCN sample, we were able to analyze the spectra
of 1-OH in the temperature range from 27 to 140 K; a
selection of spectra is shown in Supporting Information,
Figure S1. Figure 11 shows a plot of (signal amplitude x
temperature) versus temperature, where the signal ampli-
tude was determined by double integration of the spec-
trum. The solid line is a fit for J = 90 cm™'; for com-
parison, additional curves are shown for J = 70 and 110
cm'. Our analysis suggests that J/ = 90 + 20 cm™'. For
1-F (Supporting Information, Figure S2) we obtained,
within the experimental uncertainties, the same J value.

3.8. Summary of Structural and Spectroscopic Proper-
ties of 1-OH and 1-F. We have studied here two valence-
localized Fe"—Fe" complexes, 1-OH and 1-F. On the
basis of the observations that 1-OH can be generated
either by treating 1 with OH ™~ or by radiolytic reduction of
4 at 77 K (see section 3.6), we conclude that 1-OH
possesses an HO—Fe"'—0O—Fe'Y=0 core, with the same
ligand arrangement as in 4 as depicted in Scheme 1. We
also propose a related F—Fe''—=O—Fe'Y=0 core for 1-F,
as it shares similar spectroscopic features with 1-OH and
can be generated by F~ addition to 1. Our spectroscopic
studies reveal that both the Fe'" and Fe'V sites in 1-OH
and 1-F are high-spin.

Table 1 lists the >’Fe A-tensors of 1-F and 1-OH and
compares them with those of Escherichia coli RNR inter-
mediate X and three previously reported synthetic high-
spin Fe'"'—Fe'Y complexes, 5—7, see Scheme 2 (Note: The
Ajso values in Table 1 are not affected by D/J mixing).
Complexes S and 6 are respectively supported by 6-Me-TPA
(6-methyl-2-pyridylmethyl)bis(2-pyridylmethyl)amine)*’
and 6-Me;-TPA (tris-(6-methyl-2-pyridylmethyl)amine)*?
ligands that are closely related to the tetradentate ligand
that supports 1-F and 1-OH. On the other hand, 7 derives
from a diiron(Il) complex having four sterically bulky
carboxylate ligands,>' a ligand set closer to that associated
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Table 3. Experimental and Theoretical '°F Hyperfine Parameters of 1-F

A, (MHz) A, (MHz) A. (MHz)
EPR 92 113 253
DFT + 50 + 106 + 260

with X. Complexes 5—7 all exhibit similar >’Fe hyperfine
parameters consistent with an antiferromagnetically coupled
high-spin Fe'""—Fe'" unit (Table 1). The A4j, (Fe") for 7
is comparable to that found for X, but the corresponding
values for 1-OH, 1-F, 5, and 6 are ~10% smaller as a
result of the larger covalency of the nitrogen-rich Fe'!
sites of these complexes relative to the carboxylate-rich
Fe'" sites of X and 7. This distinction is also evident in
the lar%er O-values of X and 7. The trends in A4;,, values for
the Fe'" sites are less obvious. In this case, 4, values for the
Fe'"V sites of 1-OH and 1-F are more similar to the value
for X than those of 5—7. As the g-tensors of 1-OH and 1-F
areisotropic, with Ag, - < 0.012, there is no reduction of
Ajso by orbital contributions, and thus aiso= —(3/4)A4is0
for the Fe'Y=0 sites represents the Fermi contact inter-
action. It is noteworthy that the magnitude of the gy,
values for the high-spin Fe'Y=O0 sites in 1-OH and 1-F is
about 5 T larger than the aj, values for the low-sPin S=1
Fe'Y=0 sites in 4 and [(L)Fe"V=0(NCMe)].**

The a4, values for the reduced site are typical for high-
spin Fe'' in N/O coordination. For [Fe"(L)Cl,]* we have
observed an isotropic a/g,, = —20.5 T, which is close to
the value a;so/gnn = —21.0 T obtained for 1-OH. How-
ever, the Mossbauer simulations of 1-OH, in the language
of eq 1, reveal a substantially larger anisotropy than is
usually observed for this half-filled shell ion. As shown in
section 3.5, this anisotropy (to a major extent)>> can be
attributed to mixing of excited S = 3/, and °/, states into
the S = '/, ground state by zero-field splitting terms (D/.J
mixing). Because we have determined J, this mixing
provides a measure of the zero-field splitting parameters
of the Fe'Y=O0 site, information which could not be
obtained if J were substantially larger than D. Inclusion
of D/J mixing into the spectral analysis also allows us to
compare the traceless part of the a-tensor of the Fe'Y=0
site with the spin-dipolar coupling constant obtained
from DFT calculations. As can be seen from Table 2,
the agreement between theory and experiment is very
good (However, given the limitations in the accuracy of
both the simulations and calculations, the striking match
found between experiment and theory for the Fe'V=0 site
of 1-F must be somewhat fortuitous).

(51) Lee, D.; Pierce, B.; Krebs, C.; Hendrich, M. P.; Huynh, B. H.;
Lippard, S. J. J. Am. Chem. Soc. 2002, 124, 3993-4007.

(52) The DFT results listed in Table 2 reveal for the a-tensor of the Fe'"
sites of 1-OH and 1-F an anisotropy attributable to spin-dipolar contribu-
tions, which is <20% of the anisotropy due to D/J mixing. We do not know
the accuracy of this DFT calculated contribution and have therefore not
made a correction to the D/J contributions.

(53) Burdi, D.; Willems, J.-P.; Riggs-Gelasco, P. J.; Antholine, W. E.;
Stubbe, J.; Hoffman, B. M. J. Am. Chem. Soc. 1998, 120, 12910-12919.

(54) Shanmugam, M.; Doan, P. E.; Lees, N. S.; Stubbe, J.; Hoffman,
B. M. J. Am. Chem. Soc. 2009, 131, 3370-3376.

(55) Han, W.-G.; Liu, T.; Lovell, T.; Noodleman, L. J. Am. Chem. Soc.
2005, 127, 15778-15790.

(56) Miti¢, N.; Clay, M. D.; Saleh, L.; Bollinger, J. M.; Solomon, E. I.
J. Am. Chem. Soc. 2007, 129, 9049-9065.

(57) Jullien, J.; Juhdsz, G.; Mialane, P.; Dumas, E.; Mayer, C. R.; Marrot,
J.; Riviere, E.; Bominaar, E. L.; Miinck, E.; Sécheresse, F. Inorg. Chem. 2006,
45, 6922-6927.
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Complexes 1-OH and 1-F are postulated to have an
open X—Fe""—0—Fe'V=0 core structure where the oxo
bridge mediates the antiferromagnetic interaction be-
tween the high-spin Fe'" and Fe'Y sites. From an analysis
of the temperature dependence of the S = !/, signal
intensity arising from the ground state, the strength of
this coupling, J, has been determined for both 1-OH and
1-F to be 90 cm ™', with an estimated uncertainty of 420
cm™ . These values are in good agreement with the DFT
results (Table 4 and Supporting Information, Table S1)
described below and serve as the first definitively mea-
sured coupling constants between high-spin Fe''—Fe'Y
centers. For comparison, Lippard and co-workers esti-
mated the J value for 7 to be >100 cm™ ' based on the
observed Curie law behavior of its S = '/, EPR signal up
to 150 K.*' Solomon and co-workers estimated the
J value for RNR intermediate X to be >70 cm™' by
magnetic circular dichroism spectroscopy based on the
absence of any measurable population of the S = */, level
at 115 K.%® These comparisons suggest that a Fe''=0O—
Fe'" unit may be the minimal common motif for the high-
spin Fe""—Fe" complexes described thus far. Lastly, we
emphasize that a spin-state change must occur at both
iron sites when 1-OH and 1-F are formed from their
precursors (1 or 4). For 4, the individual iron sites are best
described as intermediate spin S,, = 1. A rationale for
the unusual S, = 1to Sy, = 2 transformation is presented
in the DFT analysis detailed in the following section,
which takes advantage of the rich spectroscopic features
of 1-OH and 1-F to describe their electronic structures.

4. DFT Analysis

4.1. Spin State Energies. In our previous studies, the
application of DFT substantially enhanced our under-
standing of the electronic structure of high-valent diiron
complexes, including the ferromagnetically coupled
diiron(IV) species 4.° Here we have applied DFT to gain
further insight into the electronic structures of antiferro-
magnetically coupled 1-OH and 1-F and, in particular, to
understand why the S, = 1 Fe'Y=0 site in 4 becomes
Sy = 2 upon reduction of 4 to 1-OH.

Using Gaussian 03 we have performed geometry opti-
mizations for 1-OH,,, [(TPA)(O) Fed (u-O)Febi;(OH)-
(TPA)*" (Figure 1), and 1-F,,, [(TPA)(O) Feg (u-O)-
Fel(F)(TPA)*" (Figure 12); to distinguish the compu-
tational models, which lack the methyl and methoxy
substituents at the pyridines, we have labeled them with
subscript m (= model). Since our DFT analysis focuses
on a comparison of spin state energies, we have used the
hybrid B3LYP functional, which is considered to be most
suitable for this purpose.’” For this reason, we have per-
formed our calculations with Gaussian 03 instead of the
BPVWN functional associated with the ADF program
previously used in our study of complex 4.%

The optimized geometry for 1-OH,, (Figure 1) is similar
to that reported for 4: the oxo group of the Fe'" site and
the hydroxo group of the Fe''' site are juxtaposed, asin 4,
to facilitate hydrogen bonding. The Fe—Og—Fe angle is
129° (subscript B stands for bridge), the bending being
supported by the Fe'Y=0---H—OFe"" hydrogen bond.
The calculated Fe- - - Fe distance in 1-OH,, is 3.34 A. In
1-F,, (Figure 12), which contains a fluoride-bound Fe'" site,
the Fe—Og—Fe bond is close to linear (175°) in the
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Table 4. DFT Results for the Computational Model 1-OH,,

(S[FeBL1,S[Feb]) S AE? (cm™") J2(em™h Febh—Og (A) Fely —Og (A) Fe—Op—Fe (deg) Fell,—OH (A)
Cls2) /s 0 1.887 1.807 129 1.859
2% 1620 +135 1.907 1.827 129 1.864
Cl 1)) 1709 1.861 1.873 129 1.870
Cls D7) 2123 169 1.858 1.879 131 1.876

“System energies relative to the (°/», 2) '/> ground state. © J values for the (°/», 2) and (*/», 1) couples.
"gand field Ilgand field
+ exchange

I8

\

Figure 12. Geometry optimized structure of 1-F,,. The coordinate

system used in this manuscript is drawn into Fely and Fel!'. The Fe=0O

and Fe—F bonds are essentially parallel.

absence of a supporting hydrogen bond and the dihedral
angle O=Fe—Og—Fe-F is 180°, rather than 32° in 1-OH,,,
minimizing the repulsion between the terminal oxo group
and the fluoride. The nearly linear Fe—Og—Fe unit in
1-F,, results in a longer Fe- - - Fe distance (3.61 A) than in
1-OH,,. The spin populations of the irons (see Supporting
Information) show that 1-OH,, and 1-F,, are valence
localized Fe""Fe" complexes. As anticipated, the DFT
solutions for 1-OH,, and 1-F, place the terminal oxo
ligand at the Fe'V site.

Table 4 and Supporting Information, Table S1 present
the DFT results for 1-OH,, and 1-F,,, respectively. Geo-
metry optimizations were performed for both the ferro-
magnetic state (F) and the broken-symmetry state (BS) for
several local spin combinations. For a given combination,
(Sa, Sb), the exchange coupling constant J was obtained from
the expression J = (Lp — EBS)/(2S&Sb),58 assuming the vali-
dity of the JS, - Sy, Hamiltonian in these systems. The energy
gaps between the ferromagnetic states (Spax = Sa + Sp) and
the antiferromagnetic states (Spi, = |S, — Sp|) were eva-
luated with the expression J[Smax(Smax + 1) = Smin(Smin +
1)]/2, which shows that the total exchange splitting de-
pends on both J and the local spin quantum numbers, S,
and Sy,. Using these exchange splittings and the self con-
sistent field (SCF) energies for the ferromagnetic states,
we obtained the relative state energies (AE) listed in
Table 4 and Supporting Information, Table S1. A gra-
phical representation of the energies for 1-OH is given in
Figure 13 (right column). For each (S,, Sp) pair, the ener-
gies for the intermediate spin states, Sy < S < Smax, have
not been listed but can readily be evaluated using the
expression Eg = ¢ + JS(S + 1)/2 for their energies, with ¢
being a constant depending on S, and S,. Table 4 and
Supporting Information, Table S1 also present the metric

(58) Noodleman, L. J. Chem. Phys. 1981, 74, 5737-5743.

complex Fel, Og—Fey
mimic  HOz—Fey

Fel,Og-Fey  Fep, Og-Fef
HO,-Feg

2267 cm!
1620 cm™

v l"-.#f_ 12

Figure 13. Energy level scheme showing the effect of the reduction-
induced change in the ligand field on the spin state energies of the Fey site
in the absence of exchange interactions between the irons (left and middle
column) and in combination with the exchange interactions (right column).
The spin values indicated are the local spins (Sy,) for the Fe site (left) and the
coupled spins (S) for the dinuclear center (right). Because Anderson-type
exchange stabilization is vanishing in the (*/», 2) °/> and (*/, 1) /> levels, we
have aligned for comparison their energies closely with their S, = 2 and
Sy = 1 parent states. The splittings in the left and center columns were eva-
luated using a FelY —OH mimic, using different Fey —OH distances as des-
cribed in section 4.3. The exchange splittings in the right column correspond
to the J/», 2) = 135cm™ ' and J(/», 1) = 69 cm™ .

parameters for the Fe—Og—Fe bridging unit, where we
have listed the values obtained from the BS calculations
for the antiferromagnetic states. In the following discus-
sion we focus, for clarity, on 1-OH,,; the discussion of
1-F,,, which has similar properties as 1-OH,,, is given in
the Supporting Information.

4.2. Results for 1-OH,,. To obtain insight into the elec-
tronic state of the Fe'"" site, we performed DFT calcula-
tions for the high-spin and low-spin states of the mono-
nuclear complex [Fe'"(OH)y(TPA)],., which is derived
from 1-OH,, by replacing the entire Feq) site with a
proton. The calculations for this system place the S, = °/»
state well below the S, = '/, state, by a margin of about
3000 cm ™', consistent with experimental data showing
that the large majority of Fe'"(TPA) complexes with two
additional O ligands are high-spin. On the basis of this
DFT result and the strong experimental evidence for the
high-spin state of the Fell, site in 1-OH, we did not
pursue DFT solutions for 1-OH,, with S, < °/5.

Interestingly, the calculations show that the Feq)' site is
high-spin in the ground state of 1-OH,, (see Table 4),
implying that the le-reduction of the Feoy site in 4 has
induced a change in the spin of the adjacent Fey site from
Sy = lin[FeouOgFed ]to Sy = 2in[Feal;OpFed]. Con-
comitantly, the exchange—couplin\g constant has changed
sign, from ferromagnetic in [FegOpFet ] to antiferro-
magnetic in [Feb;05Fed ], leading to an S = '/, ground
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state (see Table 4). As shown graphically in Figure 13, the
(°/2, 2) /> ground state is considerably lower in energy
than the other three spin states. This is an outcome
resulting from the antiferromagnetic exchange interac-
tion in the (°/», 2) pair, which is substantially larger than
for the (°/», 1) pair. This result establishes that the
exchange interaction between the metal ions in 1-OH,,,
owing to its dependence on the local spins, is an essential
determinant of the spin states of the individual metal ions.
To our knowledge, 1-OH (as well as 1-F, see Supporting
Information) is the first example of a polynuclear metal
complex where the exchange interaction between the
paramagnetic sites plays a decisive role in changing the
spin at one of the sites.

4.3. Why is the Fe'¥ Site Low-Spin in 4 and High-Spin
in 1-OH? In this section, we analyze the spin state change
of the Fel site from S, = 1in4to S, = 2 in 1-OH; we
treat the slightly more complicated case of 1-F separately
in the Supporting Information. The following observa-
tions are relevant for identifying the roots of the spin
transition. The cryoreduction experiment of section 3.6
indicates that the reduction of 4 yields an essentially
isostructural 1-OH complex but in which the Fegy site
has become high-spin Fe'"'. According to our DFT
calculations, this spin-state change results in a lengthen-
ing of the Fe'"'-0g bond and, in compensation, a short-
ening of the Fe'Y—Oyg bond, causing a change in the
ligand field at the Fel) site and affecting the energy gap
between the S, = 1 and 2 states; thus there is a ligand-
field contribution to the spin transition. Estimating the
reduction-induced ligand-field changes in the energy
gap between the local spin states is hampered by the
simultancous presence of the exchange interaction be-
tween Fely and Felll;. In Figure 13 we propose a scheme
for evaluating the difference that the —OgFe(y and
—OgFeOn “ligands” exert on the relative spin state
energies of Feg to which they are attached. The scheme
is based on the use of a O—H diamagnetic mimic for the
“ligands” —OgFeon and —OgFeoy. The optimized geo-
metries for the S, = 1 ground state and S, = 2 excited
state of the mononuclear complex l(TPA)(O)FeB/— {OgH}]
have Fey —Oy distances (1.88 A and 1.82 A) that clo-
sely match those for the S, = 1and 2 states of 1-OH,, (1.87 A
and 1.81 A). Thus, —OgH appears to be a faithful, diamag-
netic mimic for the paramagnetic —OgFeb}; ligand. As a
diamagnetic mimic for the —OgFeby ligand in 4, we have
again taken the —{OgH} ligand, but now with an Fet —
{OgH} distance that is fixed at 1.97 A in the geometry
optimization of [(TPA)(O)Feq —{OgH}], that is, the value
of the Fey —Op distance in the optimized structure of 4
(In 4,, this bond is 0.13 A longer than in 1-OH,,).”’ Use of
the diamagnetic mimics for —OpFeby and —OgFell
produces for [(TPA)(O)Fet {OgH}] ground states with
spins S, = 1 and S}, = 2; corresponding excited states
with spins S, = 2 and S, = 1 are found at 134 cm™ ' and
441 cm™', respectively. Thus, by passing from —OgFebi
to —OgFeb};, the energy gap E(S, = 2) — E(S, = 1) is
estimated to change from +134 cm ™' to —441 cm ™', repre-
senting a total shift of 575 cm™ ' (marked in Figure 13)

(59) Although this change is on the high side, there is little doubt that the
underlying trend, that is, a contraction of the Fef—Op distance upon
reduction of the FeQy, is correctly reproduced.
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that we attribute to the reduction-induced ligand-field
change.®® The spin level crossing induced by the ligand-
field change isillustrated in the left and middle columns of
Figure 13. It can be seen that the reduction-induced
ligand-field effect on the spin state energies gives the
observed spin crossover in 1-OH,, but fails to reproduce
the much larger energy splittings between the (°/», Sy = 1)
3, and (°/5, Sy = 2) '/, states (Figure 13, right column).
Perhaps the most important feature revealed by the
calculations for the diamagnetic mimics is that the S, = 1
and 2 states of Feyy in the ligand environments encoun-
tered in 1-OH,, (and 1-F,) are rather close in energy,
creating conditions that make the energy ordering of the
local spin states susceptible to weaker interactions, such
as the exchange interactions between the irons.®'**> Most
importantly, the S, = 1 — 2 transition adds two unpaired
electrons to Fely, leading to a substantial increase of the
antiferromagnetic exchange. In the following we outline
some of the details of these considerations.

The exchange-coupling constants listed in Table 4 and
Supporting Information, Table S1 for spin pair (S, = />,
S, = 1) include both positive and negative values and expose
intricate dependencies on geometrical factors, such as the
bond angle and distances of the bridges in these systems. In
contrast, the J values for the (S, = 3 />, Sp=2) pairs in Table 4
and Supporting Information, Table S1 are much larger and
positive, and resemble those observed in (u,-oxo)diiron(I11)
complexes.®*** The similarity with the diferric species is not
unexpected given that the number of unpaired electrons in
the (°/», 2) complexes differs only by one from the unpaired
electron count of ten in (°/5, °/»). The similarity can be quan-
tified by using the exponential relationship® between J and
the average bridging bond length (denoted P by Gorun and
Lippard) for binuclear Fe'"" centers bridged by a ligand
oxygen atom (u,-0x0, ur-hydroxo, wur-alkoxo, etc.) and
supported by at least one other bridging ligand. Using this
relationship and our calculated bond lengths, we obtain for
1-OH,,, the values JGorun-Lippard (/2> 2) = 122 cm™ " in our
J convention for the P value in the broken symmetry state.
This value is remarkably similar to the J (°/», 2) value listed
in Table 4, adding support to the calculated J values.® In
the following paragraphs we discuss the anticipated
change in J when the Fey site in 1-OH,, is reduced to
high-spin Fel! on the basis of the orbital structure for this
site gleaned from the magnetic hyperfine interactions.

We can use the >’Fe spin dipolar coupling tensor (Agp ~
A — Aj) to gain insight into the exchange pathways
added by the transition S, = 1to S, = 2. The calculated
Agp for the high-spin Fe'" site has a vanishing component
along x and negative and positive values with approximately

(60) The relation between E(S, = 1) — E(S,, = 2) and Fely —Op bond
length is discussed in Supporting Information.

(61) Wieghardt and co-workers (ref 62) have reported Few(,u-O)(/t-
carboxylato),Fe™ complexes with local FeN305 coordination. These com-
plexes have antiferromagnetically coupled sites with S(Fe'') = 3/, and
S(Fe') = 1, resultinginan S = 3/, system spin. Their Fe'" sites have Sy, = 1,
presumably because the energy gap E(S, = 2) — E(S, = 1) is positive and
larger in magnitude than in 1-OH and 1-F.

(62) Slep, L. D.; Mijovilovich, A.; Meyer-Klaucke, W.; Weyhermiiller, T.;
Bill, E.; Bothe, E.; Neese, F.; Wieghardt, K. J. Am. Chem. Soc. 2003, 125,
15554-15570.

(63) Gorun, S. M.; Lippard, S. J. Inorg. Chem. 1991, 30, 1625-1630.

(64) Kurtz, D. M., Jr. Chem. Rev. 1990, 90, 585-606.

(65) The Fe-O—Fe bridge is supported by a hydrogen bond bridge in
1-OH,,.
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equal magnitudes along y and z, respectively. As the S, =
2 state has a tgge}; configuration, the dominant valence
contribution to Agp can be ascribed to the e, electron. The
calculated Agp components correspond to an orbital of
the form |d.) &~ —0.26 [z + 0.97 |x*—?) with z||Fec=0
and x||Fe- - - Fe (see Figure 12). The experimental Agp is
nearly axial along z and not as rhombic as in the calcula-
tion, suggesting that the d. orbital in the molecule is less
admixed, that is, |d.) ~ |x*—»?) (Given the complexity of
the system, the agreement between the experimental and
theoretical Agp is quite reasonable).

Using this knowledge of the orbital configuration, we
now address the difference in the J values for the (°/», 1)
and (7/2, 2) pairs on the basis of the pathway model for
J .57 For each singly occupied 3d orbital at an Fel) of a
given symmetry, there is a matching partner in the half-
filled 3d shell of the Fe'"' site. The local spin change Sy, =
1 — 2, because of the transfer x)’ — d%, adds two
additional unpaired electrons and associated antiferro-
magnetic pathways for which J,, o< t2/U and JUI o< t2/U,
where t, = (xyp/h/xy,) and t,, = ((de)y h|(3x°—7r7),) are
transfer integrals between the two metals, labeled (a) for
Fell; and (b) for Fely. These addmonal contributions
rationalize why the J values for the (° /2, 2) palr are larger
thanfor(/z,l) As |do) ~ |x*—y%) = 3122 3=y — 1)2
1»>—2z%), we obtain for the unpaired electron in d. the
exchange parameter J, = 3/4 J, with J, < t2/U and t,,
(3x*—r)p|h|(3x>—r?),). Thus, the channel sum J o (3/4
Js + 2 J,)/10 for mixed-valent (5/2, 2) differs from J o
(Jy+ 2 J)/12.5 for the diferric (°/», °/») only by 0.005 J,, —
0.040 J,, which ratlonahzes the 51m1lar1t'y in the J values
for the Fe''ys—O—Fe'Vys and Fe! Hs—O—FemHs
bridges. The J values for the excited states with (°/», 1)
parentage contains the antiferromagnetic contribution
J. ~ t2/U with t, = (yzp/h|yz,). The overall exchange
sphttlng, that is, the energy gap between Sy, and Spax
for (°/5, 1) is 414 cm™ " in 1-OH,, and is about four times
smaller than the corresponding values 1620 cm ™' for the
(°/2, 2) couple. Similar or even smaller overall exchange

(66) Kahn, O. Molecular Magnetism; VCH Publishers, Inc.: New York,
1993.

(67) For simplicity, we assume here that the ferromagnetic contributions
from o-m pathways are zero.
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splittings than for (°/», 1) are present in the [FebuOgFed ]
core of 4.

Conclusions

As illustrated by Figure 13, the antiferromagnetic exchange
in the (°/, 2) pair of 1-OH gives rise to splittings within the
(°/», 2) manifold that are larger than both the exchange split-
tings within the (°/5, 1) manifold and the reduction-induced
ligand-field changes on the energy gap between the local
Sy, = 1 and 2 states. The reduction-induced spin transition of
the Fel) site emerges from this discussion as a process that is
not primarily driven by the conventional mechanism that
proceeds through changes in the ligand field, but by one that
is based on the reduction-induced enhancement of the ex-
change interaction with an adjacent acceptor site. The change
in the spin of the Fey site from S, = 1 in the diiron(IV)
complex 4 to S, = 2 in the iron(IIT)iron(IV) complex 1-OH
(Sy, = 2) indicates that the corresponding spin states of the
uncoupled Fe'Y(O)(L)(O-X) unit are close in energy. Unlike
1-OH, W1e hardt’s blsgcarboxylato) -bridged Fe"'-0—Fe!Y
complexes® have S = 7/, ground states that derive from the
(°/», 1) couple. In these cases, the Fe'" centers are S = 1 despite
being coupled to S = /> Fe'' ions. Whatever the explanation
for this difference, the 1e-reduction of 4 to generate 1-OH not
only engenders a change in the spin state of the Fel) site but
also enhances its H-atom abstraction ability a thousand-
fold,” providing a compelling rationale for Nature’s choice
of high-spin iron(IV) centers to carry out such transforma-
tions in non-heme iron enzymes.
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