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Proteins sharing the same “2-His-1-carboxylate” structural
motif have little amino acid sequence similarity and are able
to perform many different reactions. Many factors have been
cited to explain their different specificity and turnover rates,
like protein environment, coordinated ligand geometry, elec-
tronic structure of the active site, etc. In this paper, we pres-
ent a combined approach applying high-resolution XANES
spectroscopy and theory simulations to different model com-
plexes that mimic the binding modes of the amino acids to
the metal site. Experiments were performed on three com-
pounds showing three metal sites: ferrous hexacoordinate,
ferric pentacoordinate and ferrous pentacoordinate. The first
two compounds bear an N,N,O-tridentate 3,3-bis(1-alkyl-
imidazol-2-yl)propionate ligand that features a monodentate
carboxylate group. These complexes mimic the activity of ex-
tradiol dioxygenases but also exhibit intradiol cleavage ac-
tivity. The third compound features a bidentate terphenyl-
carboxylate ligand and a sterically hindered bidentate N,N-
donor, thus providing a good structural mimic of the ternary
enzyme-tetrahydrobiopterin-substrate complex in pterin-de-

Introduction

The 2-His-1-carboxylate motif consists of a facial triad
of two histidine residues and one carboxylate from either
glutamate or aspartate ligands coordinated to a mononu-
clear iron(II) metal centre. It is common to a number of
protein families but rather dissimilar in its sequence and the
reactions it catalyzes.[1–4] Subtle differences are observed in
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pendent phenylalanine hydroxylase, which also contains a
bidentate carboxylate. Modeling of high-resolution XANES
on well-defined model complexes of different geometry can
aid in protein structure elucidation. XANES gives the oxi-
dation state and coordination number of the metal in the non-
crystallized protein at natural pH. The accuracy of the results
is limited by the core-hole and experimental broadenings.
We found that high-resolution XANES experiments give in-
creased resolution at the pre-edges, but limited improvement
at the main edge. These high-resolution pre-edges can be
accurately simulated by using crystal field multiplet theory
(CFM). We show that by combining modelling and XANES
simulations with FEFF8, detailed structural and chemical in-
formation can be obtained. We found that a short O2–metal
distance for the carboxylate oxygen atom not bound to the
metal causes a higher white line in FeII, which is similar to
the results obtained for the pterin-dependent hydroxylase,
tyrosine hydroxylase (TYH). Full-potential FDMNES simula-
tions for each sample confirm the accuracy of the main re-
sults with muffin-tin approximation (FEFF8).

the binding mode of the carboxylate ligand of the triad
within this superfamily of enzymes. The extradiol catechol
dioxygenases, for instance, feature a monodentately bound
glutamate. These enzymes catalyze the oxidative cleavage of
catechols, which is an important first step in the biodegra-
dation of aromatic compounds. Extradiol cleaving catechol
dioxygenases use ferrous iron to cleave the aromatic C–C
bond adjacent to the catechol oxygen atoms, while intradiol
catechol dioxygenases bearing a ferric metal centre act on
the C–C bond between the catechol oxygen atoms. Many
hypotheses have been put forward to explain the difference
in regioselectivity displayed by the two classes of en-
zymes.[5,6] A new family of model compounds bearing
the 3,3-bis(1-alkylimidazol-2-yl)propionate ligand has
emerged[7] that mimics the activity of extradiol dioxygenase,
and also exhibits intradiol cleavage activity. These triden-
tate, tripodal mixed N,N,O ligands show the same first shell
ligands as in the real enzyme motif, including a mono-
dentately bound carboxylate ligand.[7] Another family of
enzymes sharing the 2-His-1-carboxylate motif is the pterin-
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dependent hydroxylases, which requires tetrahydrobiopterin
and dioxygen for the hydroxylation of an aromatic substrate
and the production of important neurotransmitters. The
malfunction of these enzymes causes important neurologi-
cal and psychological diseases. Upon binding of the sub-
strate and cofactor, the monodentate glutamate becomes bi-
dentately bound to the iron in this case. Tolman, Que and
co-workers were able to synthesize accurate structural mod-
els for this particular geometric environment by making use
of the flexibility of a terphenylcarboxylate in combination
with a sterically hindered N donor.[8] The availability of
these two model systems now provides an excellent oppor-
tunity to interrogate the two different coordination environ-
ments by an advanced X-ray absorption spectroscopy.

Knowledge of the coordination number in dioxygenases
is important for the understanding of the mechanism of O2

binding and substrate activation. Protein crystallography
might not give the proper coordination number when many
water molecules are part of the site, because of different
factors (extremely low pH required to crystallize the pro-
tein, radiation damage during experiment, etc). On the
other hand, X-ray Absorption Near Edge Structure
(XANES) edges, including the pre-edges, are very sensitive
to changes in the local electronic structure caused by oxi-
dation state, symmetry, bonding, and coordination
changes.[9–12] The pre-edge, which basically originates from
the Fe 1s to 3d transition can be enhanced by the admixture
of Fe 4p in the 3d levels, when the symmetry is distorted
from the perfect octahedral symmetry.[12]

Changes in the geometry of the metal sites have been
studied with several spectroscopic methods. For example,
for 2,3-dihydroxybiphenyl 1,2-dioxygenase (an extradiol di-
oxygenase), the geometry of the resting state was found to
be square pyramidal according to circular dichroism (CD)/
magnetic circular dichroism (MCD) spectroscopic data with
the aid of DFT calculations, which is not favourable for
dioxygen binding, while substrate binding seems to lead to a
new square-pyramidal geometry with a Fe-glutamate bond
consistent with a shorter Fe–O distance found by Extended

Figure 1. Computer models used for the calculations for (a) Sample A, [FeII(L1)2] {L1 = 3,3-bis(1-methylimidazol-2-yl)propionate and
(b) Sample B, [FeIII(L1)(tcc)] {tcc = tetrachlorocatecholate}. (c) X-ray crystal structure of Sample C [FeII(tBu2Me2eda)(BmaCO2)Cl] {eda
= ethylenediamine, bma = 4,4��-di-tert-butyl-2,2��,6,6��-tetramethyl-[1,1�:3�,1��-terphenyl]-2�-carboxylic acid}. Sample A and B: Fe:
orange, C: grey (large ball), O: red, N: green, Cl: yellow, H: grey (small ball); Sample C: Fe: orange, C: grey, O: red, N: blue, Cl green
(see Experimental Section for details).
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X-ray Absorption Fine Structure (EXAFS) spectroscopy.[13]

Also, the combination of several spectroscopic probes
(ESR, UV/Vis, Raman, IR and EXAFS) allowed the pro-
posal of suitable models for the binding of histidine to Cu
in solutions at different pH.[14] In that work, depending on
the pH, the binding mode of the histidine proposed evolved
from monodentate (bonded from the carboxylate end) for
low pH to bidentate (both the imidazole ring and the carb-
oxylate end bound) for high pH.

XANES simulations with FEFF8[15] have proven to be a
powerful tool to study the local structure at the metal site
in proteins.[16–20] In the XANES region of the spectra,
though the differences for different binding modes of the
carboxylate are generally small because of the core-hole and
experimental broadening, the simulation of the XANES has
been successful in discerning the binding mode of the carb-
oxylate for two pterin hydroxylases.[20] More detailed analy-
ses are possible by using High Energy Resolution Fluores-
cence Detected (HERFD) XANES spectroscopy.[21–23]

In this work, we compare HERFD XANES spectra, in-
cluding the pre-edge, with several types of XANES simula-
tions in order to elucidate the binding modes of carboxyl-
ates and the local electronic structure of the bound oxygen
species in two structural models of the 2-His-1-carboxylate
motif[7,8] (see Figure 1). We analyze the bonding at the cata-
lytic metal site from the calculated densities of states
(DOS). The influence of a perfectly symmetric first shell or
the lack of a water molecule and the presence of the methyl
groups are analyzed. The calculations were done with real
space multiple scattering theory[15] (FEFF8) for the main
edge region. FDMNES,[24] calculations using the full poten-
tial, were performed to check the influence of the muffin-
tin potentials in FEFF8. Crystal field multiplet[25,26] calcu-
lations were used for the pre-edge. We also discuss what
kind of information can be obtained from the pre-edges and
the white line (the main edge) for unfilled d-shell metals.
On the basis of this discussion, a novel approach is pro-
posed for the study of closed d-shell metals (without a pre-
edge).
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Results

Experimental Data: Conventional and High Energy
Resolution Fluorescence Detection (HERFD) XANES
Spectroscopy

The conventional and the HERFD XANES spectra are
shown together in Figure 2a–c for the three compounds.
For all the compounds studied, the HERFD XANES spec-
tra are very similar to the conventional ones around the
absorption edge. This high similarity of the main edge
(white line) is in contrast to that for the Cu complexes mea-
sured under similar experimental resolution.[27] The lack of
“extra” structure in the HERFD XANES might be because
of the nature of the electronic structure (no hidden struc-
ture)[23] of the present samples. On the other hand, substan-
tial differences between the two types of XANES spectra
were found in the pre-edge region: the peaks for HERFD
XANES are generally sharper than those for conventional
XANES. Such resolution enhancement is therefore antici-
pated in HERFD XANES data.

The HERFD pre-edge of Sample A is in good agreement
with that of other 6-coordinated Oh ferrous sites in minerals
(for example, siderite,[23] fayalite[22]). The highly resolved
pre-edge is also similar to that of Fe2SiO4 shown by de
Groot.[28]

Figure 2. Conventional (black) and high-resolution (grey) XANES spectra of: (a) Sample A (6-coordinated Fe2+), (b) Sample B (5-coordi-
nated Fe3+) and (c) Sample C (5-coordinated Fe2+).

Figure 3. XANES simulation showing from bottom to top: (1) experiment; XANES simulation with FEFF8.2: (2) for core hole and
experimental broadening and (3) for suppressed lifetimes; (4) XANES simulation with FDMNES for core hole and experimental broaden-
ing and (5) for suppressed lifetimes. Showing the best model of each sample: (a) Sample A (case 2 in Table 1), (b) Sample B (case 2 in
Table 2) and (c) Sample C (case 1 in Table 3).
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The ferric five-coordinate Fe in Sample B gives rise to a
more rounded white line. The edge position is about 3 eV
above the ferrous compound (Sample A 7120.8 eV and
Sample B 7124.2 eV), as expected for higher oxidation
states.[9–11] The pre-edge feature is rather similar to the re-
sult for the square-pyramidal ferric iron in [Fe(salen)Cl] re-
ported by Westre et al.[12]

The conventional XANES spectrum of the ferrous five-
coordinate Fe in Sample C, containing one chlorine ligand,
is very similar to that of the complex [Fe(TMC)Cl]BF4 as
shown by Westre et al.[12] in spite of their symmetry differ-
ence; the latter has a square-pyramidal structure and the
former an asymmetric bidentate carboxylate bound to a
metal in a distorted five-coordinate symmetry. The two
peak structure in the pre-edge region is enhanced in the
HERFD XANES spectrum, as for the other two samples.

Ligand Configuration Study by XANES Simulations with
FEFF8

Several cases were analyzed to understand the relation
between the geometry around Fe and the XANES features.
The influence of the geometrical changes for the different
models is more evident in the lifetime suppressed simula-
tions. Moreover, in the suppressed lifetime simulations, the
pre-edge region shows a more detailed structure.
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Figure 3 shows the best XANES simulations for all of

the samples, and all the models tried can be found in the
Supporting Information (Figure S1). The vertical lines in
Figure 3 correspond to the features pointed out in the first
derivatives of the high-resolution experiment (see Support-
ing Information Figure S2). The “goodness” of the simula-
tion can be estimated from the derivatives and the differ-
ence spectra of the models with the experiment (see Sup-
porting Information Figure S2, showing the best models).

For Sample A, the derivatives show that the shoulder at
the low-energy side of the white line is better reproduced
by case 5, but for case 2, the white line is centred at the
edge of the experimental edge. The region after the edge in
case 2 is closer to the experimental result than cases 1 and
3. The difference spectra between the models and experi-
ment show that the edge overall shape is better reproduced
in case 2.

Table 1 shows the distances of the first shell ligands to
the metal for the different models simulated for Sample A.
The influence of the N-methyl group on the imidazole ring
of the ligand was studied in cases 1 and 2. The addition of
the methyl group increases the height of the white line,
which gives a spectrum rather similar to that obtained ex-
perimentally (see Figure 3a). The double feature at the
white line is also present in the lifetime broadened spec-
trum. All the distances were fixed to the first shell distances
found by EXAFS spectroscopy in molecules with ferrous
six-coordinate iron.[16,20,29,30] The position of the carboxyl-
ate oxygen atom not bound to the metal was obtained from
a semiempirical geometry optimization (see Experimental
Section).

Table 1. First shell distances used in the XANES simulations of
Sample A for the different models simulated. O1c and O2c are
carboxylate oxygen atoms. Case 1: first shell set to one single dis-
tance to the metal, with geometry optimization of the carboxylate
oxygen atom not bound to the metal, and Case 2: including the
methyl groups. Case 3: geometry as in the compound with CCDC
number 644244, with one water deleted, and Case 4: with methyl
groups. Case 5: same as case 3 with first shell set to one single
distance to the metal.

Bond/distance (Å) Case 1/2 Case 3/4 Case 5

Fe–O1c 2.1 1.95 2.1
Fe–O2c 3.4 4.0 4.16
4Fe–N 2.1 2.12 2.1

In the cases 3 to 5, the triad was mirrored across the
metal to build the six-coordinate compound. In case 3, the
distances of the FeIII-catechol compound were preserved.
Inclusion of the methyl group in case 4 does not improve
the results significantly. In case 5, all the first shell distances
were set to the average distance found for low Z ligands
bound to a ferrous centre in the 2-His-1-carboxylate mo-
tif.[16,20,29–31] The carboxylate group was moved in the ra-
dial direction to the metal to give a Fe–O2 distance of 4 Å.
The three models show an enhancement of the second reso-
nance on the top of the white line with respect to cases 1
and 2 and deviates from the experimental spectrum.
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The best XANES simulation for Sample B is shown in
Figure 3b, and the first shell distances of the different mod-
els tried are shown in Table 2. The derivative spectra show
that the white line in case 2 is centred at the experimental
edge, while the other two models show differences in the
position as well in the width of the edge. The difference
spectra between the models and the experiment show that
case 2 is closer to the experimental profile. For case 1, the
carboxylate distance is longer than in case 3, where all first
shell ligands were adjusted to the usual distance for ferric
six-coordinate iron found by EXAFS spectroscopy in pro-
teins with the 2-His-1-Carboxylate motif.[16,20,29,30] The cat-
echol is bound on the opposite face of the metal site with
a distorted five-coordinate symmetry. The long Fe–O2c dis-
tance gives rise to a shoulder in the low-energy side of the
white line (at 7127.5 eV). In case 2, the distorted octahedral
symmetry and distances found in the crystal structure of
the six-coordinate compound [Fe(L)(TCC)(H2O)] {L = 3,3-
bis(1-ethyl-4-isopropylimidazol-2-yl)propionate, TCC = tet-
rachlorocatechol as deposited in CCDC-644244} were pre-
served when deleting the water. This simulation reproduces
best the experimental XANES results. In this case, the dif-
ference in the white line between the model with a lifetime
and experimental broadening and the model with a sup-
pressed lifetime is minimal.

Table 2. First shell distances used in the XANES simulations of
Sample B. Case 1: distorted five-coordinate, long carboxylate dis-
tance, Case 2: a water deleted from the crystal structure, and Case
3: distorted five-coordinate, one first shell distance.

Bond/distance (Å) Case 1 Case 2 Case 3

Fe–Ocat1/Fe–Ocat2 2.02/2.02 1.923/2.02 2.02
Fe–O1c 2.25 1.95 2.05
Fe–O2c 3.51 4.0 3.47
2Fe–N 2.05 2.13 2.05

The XANES simulations for Sample C can be seen in
Figure 3c, and the coordinates of the first shell ligands in
Table 3. The coordinates of the crystal structure reproduce
very well the high resolution experiment. The lifetime
broadened simulation reproduces well the white line, but
the pre-edge feature becomes smeared out.

Table 3. First shell distances used in the XANES simulations of
Sample C.

Bond/distance (Å) Case 1

Fe–O1c 2.05
Fe–O2c 2.36
Fe–Cl 2.26
2Fe–N 2.22

XANES Simulations with FDMNES

The simulations with FDMNES with and without core-
hole broadening are shown in Figure 3. For Sample A (case
2), the energy position of the shoulder at the low-energy
side of the edge is accurately reproduced with FDMNES,
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while FEFF gives a lower energy for the shoulder position.
Sample B (case 2) and C are also well reproduced with
FDMNES.

The pre-edges in the calculations with FDMNES for
Sample A and B do not appear at the right energy position
but show a high similarity with the experimental pre-edges.
FDMNES does not include atomic multiplets, thus the
splitting of the transitions cannot be reproduced (see the
forthcoming section for the calculations). For Sample C, the
energy position of the pre-edge peak is reproduced, but not
well resolved.

DOS Analysis

Insight into the electronic structure of the metal site can
be obtained by analyzing the densities of states (DOS) ob-
tained with the FEFF8 XANES simulations. The transi-
tions to the d shell in the metal could be identified from the
metal d DOS[32,33] (see the arrows in the d DOS of Fig-
ure 4).

The metal p DOS is rather similar to the that of the
XANES experiment for all the compounds. The metal p
DOS for Sample C shows an extra peak before the main
edge, not present in p DOS for Sample A.

Figure 4. LDOS showing from bottom to top: s, p, and d DOS for metal, and s and p DOS for the oxygen bound to the metal for: a)
Sample A, b) Sample B, and c) Sample C.

Figure 5. Pre-edge calculations by using crystal field multiplet (dashed line) compared to experimental data (solid line)for: (a) Sample A,
(b) Sample B.
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The oxygen ligand p DOS is very similar to the DOS of
the non-bonded oxygen of the carboxylate and shows little
variation for the different compounds. In particular in Sam-
ple C, the presence of chlorine in the coordination shell of
Fe does not affect the electron density of the oxygen, which
is similar to the other two compounds bearing only low Z
ligands (O/N) in the coordination sphere of the metal.

The analysis of the densities of states calculated with
FDMNES shows that the d density of states has an overlap
with the calculated pre-edges in the spectra (see Supporting
Information, Figure S3). The p and d metal DOS are very
similar to those obtained with FEFF. Only the p DOS for
Sample A shows more structure at the edge position than
that in the FEFF result.

Pre-Edge Calculations with Crystal Field Multiplet

The pre-edges, specially the ferrous nearly octahedral site
in Sample A, show more detail in the high-resolution spec-
tra than in the conventional XANES spectra. Crystal field
multiplet theory has been successful in simulating this ex-
perimental data. For both the ferrous and the ferric metal
centre (in Samples A and B, respectively), reduction of the
crystal field parameter to 75% from the atomic values[34]

was necessary (see Figure 5). However, this result is not
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enough to assign a value for the crystal field in ferric high-
spin compounds.[35]

Discussion
The high similarity of the main edge in the conventional

and the high-resolution XANES spectra for the Fe model
compounds of the different dioxygenases is in contrast to
that found for the Cu complexes measured under similar
experimental resolution.[27] The lack of “extra” structure in
the high-resolution Fe edges in this work cannot be due to
the lifetime broadening, but might be due to the nature of
the electronic structure (no hidden structure).[23]

The XANES simulations indicate that small changes in
the bond length of a ligand to the metal are a determinant
of changes in the white line without significant change in
the white line shape (case 3/4 and 5 in Sample A, and case
1/3 compared to case 2 in Sample B). Keeping the overall
symmetry of the molecule intact does not introduce extra
features at the edge (see Figure 3a for case 2), which gives
a better agreement with the experiment. This result was also
found for phenylalanine hydroxylase simulations, where the
metal site from the low-resolution protein crystal structure
(2 Å)[36] was “compressed” (instead of shifting the ligands
towards the metal), in order to correct the first shell bond-
ing distances according EXAFS.[16,20,29,30] It is difficult to
estimate whether this result is due to a better structural
model or because of constructive multiple scattering contri-
butions that result from a more symmetric structure.

In cases 3–5, the effect of the first shell distances can be
seen. In case 5, the first shell has a single distance to the
metal,[16,20,29] while in cases 3 and 4, the carboxylate O1
distance is shorter. All spectra are rather similar. On the
other hand, both case 2 and case 5 have a single distance
for the first shell, while the orientation of the non-metal-
bonded carboxylate O2 differs. In the optimized structure
of Sample A, the carboxylate O2 oxygen atom is rotated to
a shorter metal–O2 distance (cases 1–2), showing a white
line in better agreement with the experimental single higher
peak, while the models with a longer Fe–O2 (cases 3–5)
favour the splitting of the white line. Thus, the higher white
line in case 2 can then be attributed to the “carboxylate
shift” between case 2 and case 5. The same result was found
for TYH and PAH (phenylalanine hydroxylase),[20] where
the short metal–O2 distance causes a higher white line in
TYH.

A shoulder at the high-energy side of the main edge has
been reported for FeII bleomycin model compounds.[37] In
this work, the changes observed at the high-energy side of
the main edge in cases 1–2 for Sample A occur at much
lower energies. The decoupling of the main edge in two
peaks in the FEFF8 simulation is due to the lack of full
potentials, while the white line shape is accurately repro-
duced with FDMNES by using the finite differences
method. In the FEFF8 simulations of the cases 3–5, there
is a shoulder at about +15 eV, which is in agreement with
the results on FeII bleomycin,[37] as caused by an imidazole-
rich Fe first shell.
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This sensitivity of the edge shape to structural changes
is also seen in the XANES simulation by comparing the
PAH and TYH carboxylate binding mode to a ferrous cen-
tre, where the rotation of the carboxylate towards a shorter
metal–O2 distance in TYH accounts for the higher white
line intensity in the experimental XANES spectrum.

For the five-coordinate ferric site in Sample B, the best
agreement between XANES simulations and experiment
was obtained for the distorted octahedron where a water
molecule has been deleted. The round pattern in the white
line resembles the features seen in ferric hydrated Fe com-
plexes, which have been explained as double channel exci-
tation.[38] The presence of double excitation channels and
the sensitivity of the high-resolution XANES to them will
be investigated in future studies.

The additional shoulder at the low-energy side of the
white line of Sample C can be attributed to the coordina-
tion to chlorine in the model compound, which is different
from the water oxygen in the enzyme (see Figure S5 in the
Supporting Information, where in the FDMNES simula-
tion the chlorine was replaced by fluor).

FEFF8 avoids the calculation of wave functions or mo-
lecular orbitals (MOs) by a formalism based on the Green
function in the complex energy plane.[15] However, the rela-
tion to the MOs can be recovered by calculating the final
state angular momentum projected densities of states
(LDOS), from which a chemical interpretation can be
made. For the compounds of this paper, the metal p DOS
is rather similar to the XANES.

With regard to the pre-edge of the ferrous compounds,
the FEFF8 simulation with suppressed lifetime gives a pre-
edge with a single peak, instead of the two peaks observed
experimentally. The transitions have been identified in the
metal d DOS (see Figure 4). It has to be noted that neither
FEFF8 nor FDMNES include multiplet splitting.
FDMNES avoids the inaccuracies arising from the muffin-
tin potentials, which gives an improved agreement with the
experiment for the main edges, but lacks accuracy in the
pre-edges because of the lack of multiplet treatment. In
fact, the metal d DOS for Sample C is rather different from
the DOS for samples A and B, which contain only low Z
ligands in the coordination shell. On the other hand, the
presence of chlorine does not affect the density of states of
the oxygen atoms bound to the iron centre in the FEFF8
calculation.

In the crystal field multiplet calculations of the pre-edges,
the reduction of the crystal field parameter values to 75 %
from the atomic values[34] indicates an important amount
of covalency in the metal–ligand bond.

Conclusions

XANES spectroscopy is an important tool for the study
of “noncrystalline/very dilute” systems. The high-resolution
data at the pre-edge reveals the underlying structure in
more detail. These high-resolution pre-edges for the K-edge
absorption of unfilled d-shell elements show changes in the
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symmetry and hybridization of the 3d levels with great sen-
sitivity. Here, we have demonstrated that similar infor-
mation can be obtained from the main edges. Similarly to
the study of the pre-edges,[12] scanning over a range of dif-
ferent geometries for the metal centre is necessary to estab-
lish the “structure–XANES features” relationship. The
XANES simulations using real space multiple scattering
theory provide information with regard to the structure and
coordination and the differences in the electronic structure
among the different model compounds, which will be the
theory basis for understanding the coordination of the
amino acids to the metal in the high-resolution (main edge)
XANES analysis of proteins and enzymes.

To summarize, several conclusions about the use of the
high-resolution XANES spectroscopy can be drawn. The
three compounds analyzed here represent three “symmet-
ries” identified by protein crystallography for the 2-His-1-
carboxylate motif:[1,39] (1) ferrous hexacoordinate (Sample
A), (2) ferric pentacoordinate (Sample B) and (3) ferrous
pentacoordinate metal centres (Sample C). The calculated
XANES provide electronic-structure information (from the
DOS for the metal centre, as well as information about the
ligand from the ligand DOS) similar to that from the high
resolution pre-edge. From the analysis of the electronic
structures for the three models, aspects of the relationship
between spectral features and structure emerge as well as a
basis to understand the mechanistic versatility of the motif.
The flexibility to bind different exogenous ligands allows
the same motif to perform very different kinds of reactions
in enzymes sharing low-sequence similarity. This flexibility
can be explained by the “indifference” of the oxygen ligand
p DOS to changes in symmetry/coordination number and
exchange of O by Cl. The present work shows the subtle
correlation between the orientation of the carboxylate and
the absorption edge features by using a combined approach
of high-resolution XANES experiments, crystal field mul-
tiplet for the pre-edges, and real space multiple scattering
XANES simulations of the main edges. The effects on the
XANES analysis of the orientation of the carboxylate
bound to FeII is in agreement with results obtained for PAH
and TYH, where the short metal–O2 bond causes a higher
white line in TYH and in case 2 for Sample A of this paper.

Experimental Section
Sample Preparation: Samples of FeIII-catecholate compound
[FeIII(L1)(tcc)] {with L1: 3,3-bis(1-methylimidazol-2-yl)propionate
and tcc: tetrachlorocatecholate}[7] (here as Sample B) and the FeII

six-coordinate compound [FeII(L1)2] where the catechol was re-
placed by another ligand L1 (Sample A) have been prepared as
discussed by Bruijnincx et al.[7,40] Sample complex [FeII(tBu2-
Me2eda)(BmaCO2)Cl] with a terphenylcarboxylate ligand coordi-
nated to FeII (Sample C) was prepared as discussed by Friese et
al.[8] Sample A and B were placed in the holder in Ar atmosphere.

All samples have high spin[7] as seen in the Kβ1.3 spectrum[26] (see
Figure S4 in the Supporting Information).

High-resolution XANES Spectroscopy: Experiments were per-
formed at the beamline BL39XU at SPring-8, which consisted of a
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double-crystal diamond Si(111) monochromator and a cylindri-
cally bent rhodium-coated mirror in order to focus the beam hori-
zontally.[41] The photon flux at the sample position was estimated
to be approximately 1�1013 photons/s, and the spot size was
0.2 mm (height) �0.1 mm (width). Conventional XANES spectra
were obtained by monitoring the intensity of total fluorescence by
a Si-PIN photodiode while excitation energy is scanned. Lifetime-
broadening-suppressed absorption measurements were performed
by using a multicrystal, multidetector spectrometer, the details of
which have been described elsewhere.[42,43] In short, the spectrome-
ter consists of three pairs of a spherically bent Ge(620) crystal and
a scintillation counter. HERFD spectra were measured by scanning
the incident energy of X-rays at constant emission energy of the
maximum of the Fe Kβ1,3 line (calibrated as 7059.5 eV with an iron
foil). The overall energy resolution (monochromator and analyzers)
estimated from the full width at half maximum of the elastic lines
was found to be approximately 0.9 eV at an energy of 7060 eV. The
samples were placed in Lucite holders with Kapton windows and
measured at room temperature. The samples were monitored for
radiation damage and the high flux of the beam decreased by Al
absorbers (5–20%), until no damage was observed after 3 scans.

Data Reduction: The pre-edge and after-edge backgrounds of the
conventional XANES spectra over a long-energy range (+400 eV)
were analyzed with ATHENA.[44,45] Background reduction was
achieved by using the Autobackup routine.[46] The high-resolution
XANES scans were normalized to match the first and second reso-
nances of the conventional XANES simulations, since the back-
grounds cannot be determined because of the short-energy ranges.
Edge positions were determined as the maximum of the first deriva-
tive.

Computational Methods: The atomic coordinates of the FeIII-cate-
cholate Sample B {compound [FeIII(L1)(tcc)]} to build computer
models (see details of the models in Results Section and Figure 1)
were taken from the crystal structure CCDC-644244 of the six-
coordinate compound[7] [FeIII(L3)(tcc)(OH2)] (with L3: 3,3-bis(1-
ethyl-4-isopropylimidazol-2-yl)propionate). For the six-coordinate
Sample A, the catechol ligand for the former compound was re-
placed by another ligand L1 on the other side of the metal, and
the structure was optimized by using a semiempirical model with
Spartan Student Edition.[47] The coordinates of the 2-His-1-carb-
oxylate model compound Sample C were taken from the crystal
structure CCDC-626976.[8] The input files for FEFF were gener-
ated with CRYSTALFF.[48]

The “goodness” of the simulation was estimated by the position in
energy of the spectral features and their relative intensity (see first
derivative and difference spectra in the Supporting Information
Figure 2).

XANES simulations were performed by using FEFF8.2.[15] The
code uses the real-space multiple scattering theory and a self-con-
sistent field calculation of the potentials, defined by using the muf-
fin-tin prescription with 30% overlap. The atomic absorption μ was
calculated by using the ground state potential, while for the excited
state, the Hedin–Lundqvist exchange correlation potential was
used. The conventional XANES simulations include the core-hole
line broadening plus 0.5 eV that accounts for the experimental line
broadening. The high-resolution XANES was simulated by sup-
pressing the core-hole line broadening in the FEFF8 simulation.[49]

The L densities of states without a core hole are obtained from
the calculations. Simulations were performed on a single molecule,
including all atoms of the coordinating ligands, which is usually
enough for XANES and X-ray emission simulations in molecular
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compounds and protein active sites[16,20,50] The cluster sizes and
coordinates are as described in the Results Section.

Simulations with FDMNES[24] by using the finite difference
method (FDM) to solve the Schrödinger equation were performed
in order to assess the impact of the muffin-tin approximation in
FEFF8. Because of the computational cost of the FDM method,
only the best model for each sample were tested. The SCF calcula-
tion was performed up to the second coordination shell.[51] The
transitions were broadened by using a Gaussian line to account for
the broadening of the Si(111) monochromator (estimated at 1 eV)
and Lorentzian lines with increasing broadening[51,52] (arctangent
method) with a maximum of 6 eV at 10 eV above the edge to ac-
count for Plasmon effects. Simulations with and without core-hole
broadening were performed.

The pre-edges were simulated by using the crystal field multiplet
theory (CFM).[25,26] The code is basically the Cowan code,[53] fur-
ther extended by B. T. Thole and F. M. F. de Groot. Crystal field
values for well-defined symmetries are used.[34] For the case of
Sample B, the symmetry was defined as Oh and for the five-coordi-
nate ferric compound the Oh symmetry as well as models including
distortion of the symmetry to C4v were calculated. Sample C con-
tains a chloride atom, which is expected to introduce an asymmetry
in the crystal field not easy to predict without ab initio calculations.
For this reason, it is not calculated in this paper.

Supporting Information (see footnote on the first page of this arti-
cle): First derivatives of the experimental and most representative
models for Sample A and B, difference spectra of the most repre-
sentative models and the experimental high-resolution XANES, all
simulated models with FEFF8, densities of states calculated with
FDMNES, a typical Kβ1.3 emission spectrum and simulations of
Sample C with chlorine replaced by fluor and the crystal field val-
ues of the CFM calculations are presented.
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