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Abstract: Iron L-edge, iron K-edge, and sulfur K-edge X-ray absorption spectroscopy was performed on
a series of compounds [FeIIIH3buea(X)]n- (X ) S2-, O2-, OH-). The experimentally determined electronic
structures were used to correlate to density functional theory calculations. Calculations supported by the
data were then used to compare the metal-ligand bonding and to evaluate the effects of H-bonding in
FeIII-O vs FeIII-S complexes. It was found that the FeIII-O bond, while less covalent, is stronger than the
FeIII-S bond. This dominantly reflects the larger ionic contribution to the FeIII-O bond. The H-bonding energy
(for three H-bonds) was estimated to be -25 kcal/mol for the oxo as compared to -12 kcal/mol for the
sulfide ligand. This difference is attributed to the larger charge density on the oxo ligand resulting from the
lower covalency of the Fe-O bond. These results were extended to consider an FeIV-O complex with the
same ligand environment. It was found that hydrogen bonding to FeIV-O is less energetically favorable
than that to FeIII-O, which reflects the highly covalent nature of the FeIV-O bond.

Introduction

Hydrogen bonding is thought to play an important role in
modulating the reactivity of many chemical and biological
systems by tuning substrate binding and active site geometric
and electronic structure.1,2 Many active sites have highly
conserved H-bonds which appear to be key to function as their
mutation greatly reduces reactivity.3 The functional role of these
H-bonds has been extensively investigated using different
experimental and computational techniques.4 There are few
studies addressing the effects of H-bonding on the electronic
structure of inorganic complexes and, in particular, active sites
having sulfur ligands.5-9

Fe-O and Fe-S bonds are present or thought to be present
at the active sites in a large variety of proteins having a wide

range of activities. While active sites using Fe-O bonds are
mainly involved in O2 activation (e.g. oxygenases), Fe-S sites
are mainly involved in electron transfer (rubredoxins, feredoxins,
etc.). There are also a number of catalytic Fe-S active sites
(P450, superoxide reductase, nitrile hydratase, etc.) that are
important in nature.10-12 All of these sites show multiple
H-bonding interactions from the protein backbone to the O or
S ligand that are thought to play vital roles in tuning the active
site reactivity. The importance of H-bonds in biomolecules has
inspired the design of synthetic ligands that satisfy the valence
requirements of a transition metal ion and also provide specific
H-bonding environments. For example, numerous porphyrin
complexes have been reported that place H-bond donors
proximal to an iron center in order to mimic the active sites of
hemoglobin, myobglobin, and cytochrome C oxidase.13,14More† Department of Chemistry, Stanford University.

§ Kansas University.
‡ Stanford Synchrotron Radiation Laboratory, Stanford University.

(1) Steiner, T.Angew. Chem., Int. Ed.2002,41, 48-76.
(2) Hobza, P.; Havlas, Z.Chem. ReV.2000,100, 4253-4264.
(3) (a) Lipscomb, W. N.; Strater, N.Chem. ReV.1996,96, 2375-2433. (b)

Bhaumik, D.; Medin, J.; Gathy, K.; Coleman, M. S.J. Biol. Chem.1993,
268, 5464-5470. (c) Sideraki, V.; Mohamedali, K. A.; Wilson, D. K.;
Chang, Z.; Kellems, R. E.; Quiocho, F. A.; Rudolph, F. B.Biochemistry
1996,35, 7862-7872.

(4) (a) Kumar, G. A.; Pan, Y. P.; Smallwood, C. J.; McAllister, M. A.J.
Comput. Chem.1998,19, 1345-1352. (b) Francois, S.; Rohmer, M. M.;
Benard, M.; Moreland, A. C.; Rauchfuss, T. B.J. Am. Chem. Soc.2000,
122, 12743-12750.

(5) Yang, X.; Niu, S. Q.; Ichiye, T.; Wang, L. S.J. Am. Chem. Soc.2004,
126, 15790-15794.

(6) Torres, R. A.; Lovell, T.; Noodleman, L.; Case, D. A.J. Am. Chem. Soc.
2003,125, 1923-1936.

(7) (a) Ueno, T.; Ueyama, N.; Nakamura, A.J. Chem. Soc., Dalton Trans.
1996,19, 3859-3863. (b) Ueyama, N.; Yamada, Y.; Okamura, T.; Kimura,
S.; Nakamura, A.Inorg. Chem.1996,35, 6473-6484.

(8) Hung, W. P.; Dewan, J. C.; Tuckerman, M.; Walters, M. A.Inorg. Chim.
Acta 1999,291, 388-394.

(9) Huang, J.; Dewan, J. C.; Walters, M. A.Inorg. Chim. Acta1995, 228,
199-206.

(10) Meunier, B.; de Visser, S. P.; Shaik, S.Chem. ReV.2004, 104, 3947-
3980.

(11) (a) Lee, S. C.; Holm, R. H.Chem. ReV.2004,104, 1135-1157. (b) Rao,
P. V.; Holm, R. H.Chem. ReV.2004,104, 527-559.

(12) Endo, I.; Nojiri, M.; Tsujimura, M.; Nakasako, M.; Nagashima, S.; Yohda,
M.; Odaka, M.J. Inorg. Biochem.2001,83, 247-253.

(13) Collman, J. P.; Gagne, R. R.; Gray, H. B.; Hare, J. W.J. Am. Chem. Soc.
1974,96, 6522-6524.

(14) Kim, E.; Chufan, E. E.; Kamaraj, K.; Karlin, K. D.Chem. ReV.2004,104,
1077-1134.

September 2006

SLAC-PUB-12102

Submitted to Journal of the American Chemical Society



recently, tripodal ligands have been developed that position
H-bond donors near vacant coordination sites of a metal ion.15

The urea-based tripod ([H3buea]3-) depicted in Figure 1 is one
such example and has been used to prepare FeIII complexes with
terminal oxo, hydroxo, and sulfido ligands.16-18 These com-
plexes provide the unique opportunity to compare the electronic
structures of monomeric complexes containing FeIII sX (X )
O2-, OH-, S2-) bonds that have the same primary and secondary
coordination spheres. Moreover, they allow evaluation of the
effects that H-bonds have on the properties of iron complexes
with these terminal ligands.

X-ray absorption spectroscopy (XAS) is a powerful physical
method that can provide information about the electronic
structure of a transition metal site.19,20 This method is element
specific, thereby providing a direct probe of the valence orbitals
of the metal center. The ground state of a metal complex is
given as a linear combination of metal and ligand valence
orbitals. The normalized ground-state wave function is given
as

whereR, â, γ, andδ represent the coefficients of the metal 3d,
ligand orbital (mainly np), metal 4p, and metal 4s components
of the wave function, respectively, andâ2 > 0 reflects the
covalency of the metal-ligand interaction. Metal K-edge XAS
provides an estimate of theZeff (effective nuclear charge) of
the metal from the energy position of the “rising-edge” (i.e.
Fe1sfFe4p) transition. The intensity of the Fe1sfFe3d transition
(pre-edge) is a direct measure of the %Fe4p mixing into the Fe3d

orbitals (i.e.γ in eq 1) which, in turn, depends on the geometry
of the Fe center. Fe L-edge XAS probes the electric dipole

allowed Fe2pfFe3d transitions. The intensity of this feature is
directly proportional to, and can be used as a measure of, the
%Fe3d character in the half and unoccupied M3d orbitals (i.e.
R2 in eq 1). S K-edge XAS probes the S1sfS4p transition which
is indicative of theZeff on the S atom. Due to covalent mixing
of the S3p orbitals into the Fe3d orbitals, a pre-edge feature is
also observed in the S K-edge XAS of transition metal
complexes whose integrated intensity is directly proportional
to, and thus quantifies, the %S3p character in the half and
unoccupied M3d orbitals (i.e. â in eq 1).21,22 Hence, this
combination of XAS techniques can be used to experimentally
estimate the ground-state wave function, which can then be used
to obtain insight into the electronic structure and its contribution
to the reactivity of active sites.

In this study we use Fe K-edge, Fe L-edge, and S K-edge
XAS to define the ground-state wave functions of a series of
complexes [(H3buea)FeIII -X]n- (X ) S2-, O2-, and OH-).
These experimental descriptions are then used to evaluate the
results of density functional theory (DFT) calculations. This
combination provides further insight into the nature of Fe-X
bonding, where X) O2- and S2- ligands, and the effects of
H-bonding on these. This study is further extended to consider
the effects H-bonding in a hypothetical FeIVsoxo system having
the same [H3buea]3- ligand; these results are compared to those
for heme-oxo species and used to define the features that may
be present in biologically relevant ferryl species.

Experimental Details

Sample Preparation. [FeIIIH3buea(S)]2-, [FeIIIH3buea(O)]2-, and
[FeIIIH3buea(OH)]- were prepared as described previously.17,23

XAS Data Collection. X-ray absorption spectra were recorded at
the Stanford Synchrotron Radiation Laboratory (SSRL) on the 31-pole
wiggler beam line 10-1 and bending magnet beam line 8-2 (Fe L-edges),
bending magnet beam line 2-3 (Fe K-edges), and 54-pole wiggler beam
line 6-2 (S K-edge) under ring operating conditions of 70-100 mA
and 3 GeV. Details of the beam line optics have been described in
previous work.24-26 For all XAS experiments, samples were prepared
in a dry nitrogen-filled glovebox. For Fe L-edge measurements the
samples were finely ground and spread across double-sided adhesive
conductive graphite tape and attached to a copper paddle, aligned 45°
to the incident beam under an inert atmosphere (<0.5 ppm O2), as
described previously.27 All measurements were made at 20( 5 °C.
The energy was calibrated from the Fe L-edge spectrum of Fe2O3, run
at intervals between scans. The second feature in the L3 and the first
feature in the L2 edges were calibrated to 708.5 and 720.1 eV,
respectively. Data were taken over the range 670-830 eV to permit
normalization, as described previously.24 A step size of 0.1 eV was
used over the edge region (700-730 eV), and 0.5 eV steps over the
remaining regions. Two arc tangents were subtracted from the spectra:
absorption) [tan-1(k(energy- I1) + π/2)*2/3*1/π] + [tan-1(k(energy
- I2) + π/2)*1/3*1/π] where k ) 0.295 was obtained from the
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Figure 1. Diagram of the [FeIIIH3buea(X)]n- complexes used for this study.

Ψ ) R|M3d> + â|L> + γ|M4p> + δ|M4s> (1)



experimental fit5,6 andI2 ) I1 + 12.3 eV (whereI2 is the energy of the
L2 feature relative to that ofI1 of L3, split by spin-orbit coupling) was
used to model the L3 and L2 edge jumps, as described previously.5

The error reported represents the range of integrated intensity, calculated
as above, based on at least three repeat measurements of the same
spectra on different dates.

For Fe K-edges the samples of each of the compounds were mixed
with boron nitride and ground into a fine powder. The powder was
loaded into a 1 mmthick Al spacer and sealed with 63.5µm Mylar
tape windows. Fe K-edges were measured in transition mode with N2-
filled ionization chambers tok ) 9.5 Å-1. A total of 2-3 scans were
measured per sample to ensure reproducibility. Energies were calibrated
against the first inflection point at 7111.2 eV of an internal foil
standard.28 A second order polynomial was fit to the pre-edge and
subtracted from the data. A two-segment spline of order two was fit to
the EXAFS region, and all data were normalized to the edge jump at
7130 eV.

For S K-edge XAS experiments the samples were ground into a
fine powder and dispersed as thinly as possible on sulfur-free Mylar
tape. This procedure has been verified to minimize self-absorption
effects. The sample was then mounted across the window of an
aluminum plate. A 6.35µm polypropylene film window protected the
solid samples from exposure to air during transfer from the glovebox
to the experimental sample chamber.

Fitting Procedure. Fits to the Fe and S K-edges were performed
using the program EDG_FIT.29 Second derivative spectra were used
as guidance to determine the number and position of peaks. Pre-edge
features were fit using pseudo-Voigt line shapes (sums of Lorentzian
and Gaussian functions). This line shape is appropriate as the
experimental features are a convolution of a Lorentzian transition
envelope and a Gaussian line shape imposed by the beam-line optics.30,31

A fixed 1:1 ratio of Lorentzian to Gaussian contribution successfully
reproduced the pre-edge features. The rising edge functions were also
fit with pseudo-Voigt line shapes. Good fits reproduce the data using
a minimum number of peaks. Fe K-edge fits were performed over
several energy ranges as described in reference 27. The reported
intensity values and standard deviations are based on the average of
all good fits. Normalization procedures can introduce a∼3% error in
pre-edge peak intensities in addition to the error resulting from the
fitting procedure.32

DFT Computational Details. All calculations were performed on
dual-CPU Pentium Xeon 2.8 GHz work stations and a SGI Origin 2000
computer using the Amsterdam Density Functional (ADF) program,
versions 2004.01 and developed by Baerends et al.33,34 For optimiza-
tions, a triple-ú Slater-type orbital basis set (ADF basis set TZP) with
a single polarization function at the local density approximation of
Vosko, Wilk, and Nusair35 with nonlocal gradient corrections of Becke36

and Perdew37 were employed. The molecular orbitals were plotted using
Gopenmol ver.2.2, and the Mulliken38 population analyses reported were
obtained from the output of the ADF program. For the energy level
diagrams the energies of the d orbitals in different complexes (which
have different charges) are referenced to the terminal C-H bonding
orbitals of the ligand. Energies were estimated by performing single-
point calculations on the optimized geometries using the 6-311+G*

basis set with the Gaussian 03 package.39 The solvation calculations
were performed using the PCM40 model with CH2Cl2 as solvent. These
numbers were also estimated using the COSMO41 solvation model in
the ADF package using anε of 8.9 for CH2Cl2, which gave very similar
results.

Results
A. XAS. Metal L-Edge XAS. The Fe L-edge spectra of

[FeIIIH3buea(S)]2- (black), [FeIIIH3buea(O)]2- (green), and
[FeIIIH3buea(OH)]- (brown) are shown in Figure 2. All three
compounds have 42( 5 units of intensity (Table 1) corre-
sponding to∼68(9)% Fe3d character per orbital implying that,
within error, the unoccupied d character on the metal is very
similar for all three compounds.42 The Fe L-edge intensity-
weighed energy positions and branching ratios (Table 1) are
typical of those determined for other high-spin FeIII com-
pounds.25

Fe K-Edge. The Fe K-edges of [FeIIIH3buea(S)]2-, [FeIII -
H3buea(O)]2-, and [FeIIIH3buea(OH)]- exhibit pre-edge transi-
tions25 at ∼7113 eV (Figure 3, expanded scale inset). The
intensity of this transition is mostly derived from and reflects
the mixing of Fe4p character into the unoccupied Fe3d manifold.
Weaker quadrupole allowed Fe1sfFe3d transitions also contrib-
ute to this intensity. Their relative contributions can be quantified
by fits to the data and background (Table 2, Figure S1,
SupportingInformation).Thetotal intensitiesof [FeIIIH3buea(S)]2-,
[FeIIIH3buea(O)]2-, and [FeIIIH3buea(OH)]- are 21.6, 27.7, and
25.2, respectively (Table 2), which are relatively high compared
to those of other high-spin FeIII complexes. For example, Fe-
(salen)Cl, which is also five coordinate, has 14 units of pre-
edge intensity.43

[FeIIIH3buea(O)]2- has less Fe-K pre-edge intensity, and the
intensity distribution is broader relative to the pre-edges of
[FeIIIH3buea(S)]2- and [FeIIIH3buea(OH)]-. The Fe-K pre-edge
spectrum of [FeIIIH3buea(O)]2- was fit (Figure S1, Supporting
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Figure 2. Fe L-edge data of the three compounds [FeIIIH3buea(S)]2- (black,
Fe-S), [FeIIIH3buea(O)]2- (green, Fe-O), and [FeIIIH3buea(OH)]- (brown,
Fe-OH).



Information) with two peaks of approximately equal intensity
(9.6 and 11.6 units) spaced 1.1 eV apart at 7113.8 and 7113.9
eV (Table 2). The [FeIIIH3buea(S)]2- feature was also fit with
two peaks, which were 1.0 eV apart, with most of the intensity
(17.7 units) concentrated in one peak at 7112.9 eV, and the
[FeIIIH3buea(OH)]- pre-edge was fit well with just one peak at
7113.4 eV having 25.2 units of intensity. These differences
reflect ligand field effects at the FeIII center (vide infra).

Ligand K-Edge XAS. The S K-edge XAS of the [FeIIIH3buea-
(S)]2-complex shows an intense pre-edge transition at 2469.8
eV (Figure 4). This feature is assigned to an envelope of
S1sfFe3d transitions. The intensity is proportional to the %S3p

mixed into the five singly occupied Fe3d orbitals. Fitting the
data gives a pre-edge intensity of 2.3( 0.05 units which
corresponds to 82% S3p orbital character summed over the five
half-occupied Fe3d orbitals (calibration is described in reference
44). As a reference, the S K-edge spectrum of two well-studied
complexes, Et4N[FeIII (SPh)4] and (Et4N)2[FeIII

2S2Cl4], are in-
cluded in Figure 3. The higher intensity of [Fe(H3buea)S]2-

relative to these references indicate that the terminal sulfide is
more covalent than a bridging sulfide or a terminal thiolate.

B. DFT Calculations.Geometry optimized DFT calculations
were performed on the three complexes. While the optimized

Fe-X and the Fe-Nequatorialbond lengths and angles are in good
agreement with the published crystallographic data (Table 3),
the Fe-Naxial distances are longer in the optimized structures.
The NH···X distances are well reproduced and are about 0.6 Å
shorter in the Fe-O and Fe-OH complexes than in the Fe-S
complex.

The MO diagrams for the [FeIIIH3buea(O)]n- (X ) O, S, and
OH) complexes (Figure 5) show a trigonal ligand field splitting
of the d orbitals. The dz2 orbital has aσ interaction with the
axial ligand X and with the Naxial 2pz orbital, the latter being a
relatively weak ligand due to its longer Fe-Naxial distance. The
dyz,xz and the dx2-y2,xy orbitals (both sets transform as E inC3

symmetry) mix with each other, as the Fe is shifted out of the
equatorial plane and hasπ interactions with thenpx,y orbitals
available on the X ligand (x,y also transform as E inC3). The
sulfido complex is more covalent than the oxo complex based
on the sum of the ligandnp orbital character in the half-occupied
(i.e. â unoccupied in spin unrestricted calculation) Fe3d orbitals
(61% S3p vs 49% O2p). Note that the additionalπ interactions
available for terminal oxo and sulfido ligands increases the
Fe-X bond covalency and decreases the Fe-X bond length
relative to HO- or RS- ligands where one of thenp orbitals is
involved in the O-H/S-C σ bond.

The MO calculations indicate that there is about 6%, 7%,
and 8% Fe4p mixing in these Fe3d orbitals in the oxo, sulfido,
and hydroxo complexes, respectively. This Fe4p mixing into the
Fe3d based orbitals provides a mechanism for introduction of

(44) Rose, K.; Shadle, S. E.; Glaser, T.; de Vries, S.; Cherepanov, A.; Canters,
G. W.; Hedman, B.; Hodgson, K. O.; Solomon, E. I.J. Am. Chem. Soc.
1999, 121, 2353-2363.

Table 1. Summary of Results from Fe L-Edge Experimental Dataa

total
intensity

total
orbital

covalency (%)

intensity-weighted
avg energy and intensity

(L3, L2) (eV)
branching ratio

L3/(L2 + L3)

[FeIIIH3buea(O)]2- 41 (6) 67 (10) 708.48 (31.1), 720.18 (9.54) 0.77 (0.02)
[FeIIIH3buea(S)]2- 44 (5) 69 (7) 708.35 (34.4), 720.95 (9.6) 0.78 (0.02)
[FeIIIH3buea(OH)]- 43 (5) 67 (8) 708.40 (34.3), 720.96 (8.74) 0.80 (0.02)

a Estimated errors are given in parentheses.

Table 2. Summary of Results from Fe K-Edge Experimental Dataa

total
intensity

intensity-weighted
avg energy

peak contributions
[area] %p mixing

[FeIIIH3buea(O)]2- 21.6 (0.3) 7113.4 (0.12) 7112.8 [9.56], 7113.9 [11.64] 14.9 (6.6)
[FeIIIH3buea(S)]2- 27.7 (0.3) 7113.0 (0.05) 7112.9 [17.74], 7113.8 [3.96] 19.9 (8.5)
[FeIIIH3buea(OH)]- 25.2 (0.3) 7113.4 (0.03) 7113.4 [25.2] 17.9 (7.7)

a Estimated errors are given in parentheses.

Figure 3. Fe K-edge data of the three compounds [FeIIIH3buea(S)]2- (black,
Fe-S), [FeIIIH3buea(O)]2- (green, Fe-O), and [FeIIIH3buea(OH)]- (red,
Fe-OH). The inset highlights the pre-edges.

Figure 4. S K-edge XAS of [FeIIIH3buea(S)]2- (black, terminal Ssulfide),
[FeIII (SPh)4]- (red, terminal Sthiolate), and [FeIII 2S2Cl4]2- (blue, µ2Ssulfide).



intensity into the pre-edge of the Fe K-edge XAS. The orbital
splitting pattern and the 4p character distribution in these orbitals
and the relative covalencies of the complexes from the Fe
K-edge, Fe L-edge, and S K-edge data are used below to
experimentally evaluate these DFT calculations. These calcula-
tions will then be used to estimate the effects of H-bonding in
the FeIII -O and the FeIII -S complexes.

Analysis

A. Evaluation of DFT Calculations Using XAS. Properties
of the ground-state wave functions obtained from the geometry
optimized DFT calculations at the BP86 level are tabulated in
Table 4. The average Fe3d character per hole is calculated to be
67%, 72%, and 72% for [FeIIIH3buea(S)]2-, [FeIIIH3buea(O)]2-,
and [FeIIIH3buea(OH)]-, respectively. These values are very
similar to each other (within(3%) and in agreement with

experiment (Table 4, column 1 in parentheses). MO calculations
show that the OH group is less covalent than the S or O group;
however, this is compensated by the increase in covalency from
the strong amide donors (increase in %N2p in the Fe3d manifold)
and does not result in a significant change in Fe3d population.
The %S3p character in FeIII -S is calculated to be 12% (Table 4,
row 2) and is in reasonable agreement with the experimentally
observed value of 16% from S K-edge intensity.

The calculations further show that there is significant Fe4p

mixing in the two E sets of the Fe3d orbitals.45 This large mixing
is due to theC3 symmetry axis associated with these complexes.
This is in addition to the Fe 4pz mixed into the dz2 orbital due
to the lack of inversion alongZ. The additional 4px,y orbital
mixing is reflected in the higher pre-edge intensity (21-28%)

(45) Note that even though the calculations underestimate the 4p mixing, they
reproduce the intensity distribution of the pre-edge feature (vide infra).

Table 3. Optimized Geometric Parametersa

Fe−X (Å) Fe−Nax
b (Å) Fe−Neq

b (Å) X−Fe−Neq (deg) Neq−Fe−Neq (deg) NHX (Å)

[FeIIIH3buea(O)]2- 1.81 2.28 2.10 104 113-112 2.75
[FeIIIH3buea(O)]2- (1.81) (2.44) (2.05) (101) (119) (2.70)

[FeIIIH3buea(S)]2- 2.23 2.79 2.07 109 108-103 3.34
[FeIIIH3buea(S)]2- (2.20) (2.65) (2.03) (106-109) (119-106) (3.35)

[FeIIIH3buea(OH)]- 1.96 2.55 104 118-108 2.94-3.12

a Crystallographic data in parentheses.b Neq and Nax are the equatorial and axial nitrogen ligands, respectively.

Figure 5. MO diagram of [FeIIIH3buea(O)]2-, [FeIIIH3buea(S)]2-, and [FeIIIH3buea(OH)]- showing theâ-unoccupied orbitals. The coefficients (average
values for the E set) of Fe3d (3d), Fe4p (4p), Xnp (np), Nax 2p (N ax), and Neq 2p (N eq) and representative contour diagrams for individual sets of d orbitals
are given.



of the [FeIIIH3buea(X)]2-/- complexes compared to [FeIII (salen)-
Cl], which is only at 14%. TheC4 symmetry in [FeIII (salen Cl]
greatly reduces the 4px,y mixing with the 3d orbitals and the
dominant contribution to the pre-edge intensity comes only from
the mixing of the 4pz into dz2.

Furthermore, the 4px,y mixing is distributed differently
between these complexes. In the [FeIIIH3buea(OH)]- complex,
the mixing is primarily in the higher energy E orbitals while in
the [FeIIIH3buea(O)]2- and [FeIIIH3buea (S)]2- complexes the
two E sets of orbitals are mixed as the Fe atom is more out of
the equatorial plane in these complexes (∼0.56 Å) relative to
the [FeIIIH3buea(OH)]- complex (∼0.48 Å) resulting in redis-
tribution of the Fe 4px,y character between them. The ligand
field splitting is also larger in the oxo (1.4 eV) than in the sulfido
(0.9 eV) complex reflecting the stronger interaction of the axial
Nax with the dz2 orbital due to the shorter Fe-Nax bond in
[FeIIIH3buea(O)]2- (2.5 Å) relative to that of [FeIIIH3buea(S)]2-

(2.7 Å). This is reflected in the trend in the Fe K-edge pre-
edge splitting: oxo> sulfide> hydroxo. The pre-edge regions
of these complexes were simulated (Figure 6) using the DFT-
calculated Fe3d and Fe4p characters (scaled by appropriate
transition moment integrals for Fe1sfFe3d and Fe1sfFe4p) and
the energy splittings of the five Fe3d molecular orbitals. These
results correlate with the experimental data, as shown in Figure
6, particularly the broadening of the Fe-O pre-edge. Taken
together, these results indicate that the DFT calculations have
acceptably reproduced the experimental ground-state properties.

B. Comparison of the FeIII sO and FeIII sS Bonding.The
evaluation of the Fe-X bond energy and the H-bonding energy
in this ligand system is complicated by the fact that the H3buea
ligand can H-bond to itself. To uncouple this effect, the complete
model of the H3buea ligand system (Figure 7A, H-bonded) was
modified by eliminating the H-bond donor amide-arms of the
ligand (Figure 7B, no H-bond). The H-bonding was then
simulated by introducing three H2O molecules (Figure 7C,
H-bond from H2O) around X in an approximatelyC3 arrange-
ment and the geometry of the system was then fully optimized.

Without H-bonding both the FeIII -O and the FeIII -S bonds
are very covalent, as evident from the large ligandnp mixing
into the antibonding Fe3d manifold (73% O2p and 81% S3p, Table
5). The Fe-S bond is more covalent than the Fe-O bond.
However, the calculated FeIII -X bond stretching frequencies
(681 cm-1 for Fe-O and 369 cm-1 for Fe-S) indicate that the
Fe-X bond force constant of the FeIII -O bond is higher (3.55
mdynes/Å) than that of the FeIII -S bond (1.87 mdynes/Å).46

Their relative bond strengths are also reflected in their Fe-X
bond energies (calculated from fragment dissociation in CH2-
Cl2 solvent), which show that the FeIII -O bond energy is about

-102 kcal/mol, significantly higher than the FeIII -S bonding
energy of-62 kcal/ mol.47 Note that, although the coefficients

(46) Note that the force constant for Fe-O is expected to be higher than that of
Fe-S by a factor of 1.44 due to higher mass of S (32) relative to O (16).
However, here the ratio is 1.9 which indicates that the Fe-O bond is
stronger than the Fe-S bond.

(47) The bond energies calculated here are∆E’s. To estimate realisitic∆G’s
for these reactions one needs to account for the pKa’s of these dianaionic
ligands in addition to entropy effects. The∆E’s provide relative binding
energy estimates due to differences in bonding.

Table 4. Calculated Ground-State Propertiesa

%Fe4p

%Fe3d (avg)b

(from L-edge) %Xnp(avg) %N2p (avg)b E A
total

(from K-edge)c νFe-X (cm-1)

[FeIIIH3buea(O)]2- 72 (67) 10 4 3 3 6 (14.9) 683 (671)
[FeIIIH3buea(S)]2- 67 (69) 12 (16) 5 5 2 7 (19.9) 369
[FeIIIH3buea(OH)]- 72 (67) 5 6 6 2 8 (17.9)

a Experimental data in parentheses.b Summed over all Fe3d orbitals and divided by the number of Fe3d orbitals.c Summed over all Fe3d orbitals.

Figure 6. Comparison of the Fe K-edge pre-edge data and Gaussian-
broadened DFT-calculated intensities. [FeIIIH3buea(S)]2-: Fe-S. [FeIIIH3-
buea(O)]2-: Fe-O. [FeIIIH3buea(OH)]- : Fe-OH. Black and purple lines
represent the quadrupole and dipole contributions calculated from DFT.



of mixing indicate that the Fe-S bond is more covalent, the
covalent contribution to the bond energy can be approximated
by R2∆ (whereR2 is the ligand character per orbital and∆ is
the energy gap between acceptor FeIII orbitals and the donor
X2- orbitals before bonding) and∆ is higher for oxo due to its
higher electronegativity. The difference in∆ can be estimated
from the OfFe and SfFe CT bands of [FeIIIH3buea(O)]2- (at
395 nm) and [FeIIIH3buea(S)]2- (at 575 nm) complexes to be
0.65 eV (higher for oxo, theoretical estimate of 0.8 eV from
the DFT calculated ground state). Thus even thoughR2 is higher
for the FeIII -S complex, the FeIII -O complex has a greater
value for∆, leading to a larger covalent contribution to the bond
energy, which is estimated to be 8 kcal/mol more than the Fes
S covalent contribution to the bond energy. The FeIII -O unit
also has a larger ionic contribution because of the higher charge
density on the iron and oxo centers (which reflects its lower
covalency relative to the sulfido), which also contributes to its
greater bond energy and force constant. The ionic contribution
can be estimated from calculated NPA charges on the ligand
atoms coordinated to the FeIII center, which is approxi-
mately 25 kcal/mol greater in [FeIIIH3buea(O)]2- than in
[FeIIIH3buea(S)]2-.48

C. Effects of H-Bonding. On going to the H-bonded H3-
buea complex (Figure 7B to Figure 6A) the Fe-X bond lengths
increase from 1.74 to 1.81 Å for FeIII -O and from 2.17 to 2.23
Å in FeIII -S (Table 5). Associated with these bond length
increases, the Fe-X bond covalency is reduced to 49% from
73% in FeIII -O and to 61% from 81% in FeIII -S (Table 5).
The same increase in bond length and decrease in covalency
on H-bonding is observed in the oxo and sulfido complexes
H-bonded to three H2O molecules (Figure 7B to C and Table
5). The calculated Fe-X force constants for the H-bonded
complexes decrease significantly, from 3.55 to 2.65 mdynes/Å

for FeIII -O and from 1.87 to 1.54 mdynes/Å for FeIII -S. The
increase in the Fe-X distance, decrease of the Fe-X bond
covalency, and decrease of the Fe-X bond force constant
indicate that the axial H-bonding interaction significantly
weakens the Fe-X bond. However, the energy of the H-bonding
interaction evaluated from the H2O H-bonded system (Figure
7C and Table 5) is-25 kcal/mol for the FeIII -O complex and
-12 kcal/mol for the FeIII -S complex, indicating that in both
cases, despite the weakening of Fe-X bonds, the overall process
is energetically favorable.49,50 Insight into these Fe-X and
H-bonding energies can be obtained from the following bond-
energy decomposition scheme (Scheme 1).

The Fe-X bond energy in absence of the H-bonding (Scheme
1, left) is much higher for FeIII -O (-102 kcal/mol) than for

(48) Note that there will be some contribution to the differences in Fe-O and
Fe-S bonding energy from the differences of binding energy of the
tridentate ligand between the Fe-O and the Fe-S complexes.

Figure 7. H-bonded and non-H-bonded systems used to evaluate bonding energies.

Table 5. Effect of H-Bonding on O2- vs S2-

NPA charg e

Fe−X (Å)
covalenc y

(%Xnp) Fe X
Fe−X bond

energy (kcal/mol)
H-bond energy

(kcal/mol)
Fe−X force constant

(mdynes/cm2)

O2- H-bonded from ligand 1.81 49 2.5 -0.23 2.65
O2- no H-bond 1.74 73 2.44 -0.01 -102 3.55
O2- H-bond from H2O 1.80 46 (57)a 2.53 -0.27 -83 -25

S2- H-bonded from ligand 2.23 61 2.26 -0.08 1.54
S2- no H-bond 2.17 81 2.25 0.06 -62 1.87
S2- H-bond from H2O 2.21 60 (69)a 2.29 -0.12 -55 -12

a Calculations performed using dipoles instead of H2O molecules.

Scheme 1. Bonding Decomposition Scheme for FeIII-O (top) and
FeIII-S (bottom)a

a To the left, the non-H-bonded ligand is bound to FeIIIL (FeIII bound to
the non-H-bonding tetra-dentate ligand L) to form LFeIII -X, which is then
H-bonded to three H2O molecules, while to the right the X is first H-bonded
to three H2O molecules and then bound to FeIIIL. The energies are estimated
using a PCM model with CH2Cl2 as solvent.



FeIII-S (-62 kcal/mol), and on H-bonding, the systems stabilize
by -25 kcal/mol and-12 kcal/mol, respectively. Alternatively,
if we first allow for the H-bonding to the O2- and the S2- ions
(Scheme 1, right), their bonding energies with the FeIII fragment
is significantly reduced to-83 kcal/mol and-55 kcal/mol,
respectively. However, the H-bonding energies of the bare O2-

and the S2- ions are very high,-44 kcal/mol and-19 kcal/
mol, respectively, which compensate for the loss of Fe-X bond
energy and result in the overall stabilization of the H-bond
(Scheme 1 right, Table 5).51 The high H-bonding energy of the
O2- ion relative to the S2- ion results from the stronger
Coulombic interaction of the O2- with the water dipoles as the
charge density on the oxo is higher and the H···O distances are
about 0.7 Å shorter than the corresponding H···S distances.52

This dramatic reduction of Fe-X bond energy on H-bonding
is reflected in the large increase of Fe-X bond length, reduction
of Fe-X bond covalency, and decrease of Fe-X bond force
constant. Also the larger reduction of the FeIII -O bond energy
as compared to that of the FeIII -S bond contributes to its larger
change in these properties.

The reduction of Fe-X bond covalency due to H-bonding
with H2O can be simulated by using point dipoles for the water
molecules. For both the S2- and the O2- complexes the Fe-X
bond covalency decreases significantly by 70% (i.e. the ligand
coefficient decreases in the FeIII 3d manifold from 81% to 69%
in S2- complex and from 73% to 57% in O2- complex) of the
decrease observed with H2O molecules (Table 5). The rest of
the decrease in the ligand coefficient appears to reflect the
covalent charge transfer from the X2- to the O-H σ* orbitals
of the H-bonded water molecules.53 This indicates that the nature
of the H-bonding interaction is mainly dipolar, in agreement
with previous results, where the dipole stabilizes the charge on
X2- which reduces the covalency and weakens the Fe-X
bond.54 This is also evident from the increase of NPA charges
on the X2- ions on H-bonding (Table 5). These calculations
also indicate that with both waters and point dipoles, the
covalency is reduced in theπ but not σ orbital (Table S2,
Supporting Information). This reflects that the orientation of
the dipoles toward theπ donor orbitals of X, which stabilizes
theseπ donor orbitals in energy and decreases their overlap
with the Fe3d orbitals, resulting in the observed reduction in
Fe-X bond covalency.

D. Properties of a Hypothetical FeIV -Oxo Species.The
electronic structure of an FeIV-O complex with this ligand
system, and the effects of H-bonding on it, have also been
investigated using DFT calculations. The non-H-bonded com-
plex is calculated to have an S) 2 ground state and a shorter
(1.66 Å) and very covalent Fe-O bond relative to the FeIII

complex (93% vs 71% O2p character, respectively). Compared
to other non-heme FeIV-O complexes, the Fe-O bond is longer
(due to anionic amide donors) and the complex is high spin
(due to the trigonalπ donor ligand field). The FeIV-O bond
energy is about-187 kcal/mol, which is about 85 kcal/mol
higher than the FeIII-O bond energy (-102 kcal/mol). Interest-
ingly, the NPA charge on the oxo in FeIV-O is almost neutral
due to the increased covalency. High covalency leads to very
weak H-bonding. The H-bonding energy of this complex is, in
fact, less (calculated to be-1 kcal/mol in CH2Cl2 solvent)
relative to an FeIII -O complex (-7 kcal/mol in CH2Cl2
solvent).55 A bonding decomposition similar to Scheme 1 for
the ferryl species shows that for FeIV-O, the H-bonding energy
of one H2O with the free O2- (about-12 kcal/mol, Scheme
S1, Supporting Information) is just enough to compensate for
the loss of FeIV-O bond energy (about 11 kcal/mol, as in
Scheme S1) due to H-bonding and does not result in net
stabilization.

Discussion

In this study XAS data and analysis have been used to
evaluate results of DFT calculations on high-spin FeIII oxo,
sulfide, and hydroxo complexes of [FeIIIH3buea(X)]n-. The
calculations are consistent with the XAS results and thus are
used to evaluate Fe-X (X ) S2-, O2-, and OH-) bonding and
the effects on H-bonding on Fe-S and Fe-O bonding.

The results show that although the Fe-S bond is more
covalent (i.e. higher ligand character in the Fe3d manifold) than
the Fe-O bond, the Fe-O bond energy is much higher (-102
kcal/mol and-62 kcal/mol, respectively). From a simple MO
description, the bond energy (BE) is given byR2∆, i.e. the
covalency scaled by the energy of the ligand donor orbitals
involved. Since oxo is more electronegative than sulfide, the
O2p orbitals are deeper in energy than the S3p orbitals and thus
though the total covalency of the oxo is lower it still has a larger
covalent contribution to the bond energy. The strength of the
Fe-O bond also has a significant contribution from the
increased ionic nature of the Fe-O bond, which is facilitated
by higher charge density on the oxo and shorter Fe-O bond
length. This difference is estimated to be approximately 25 kcal/
mol in the non-H-bonded complexes.56

Inclusion of H-bonds polarizes the Fe-X bonds and localizes
charge density on X which weakens the Fe-X bond and results
in lowering of the Fe-X bond energies, force constants, and
covalencies. However, the overall H-bonding energy is favorable
even with the weakened Fe-X bonds. Scheme 1 shows that
this overall stabilization results from the compensation of the
lowering the Fe-X bond energy by the large energy of
H-bonding to the oxo/sulfido group. For both the oxo and sulfido

(49) The H-bonding energies are calculated from the dissociation energy of the
LFeIII -X complexes and the three water molecules (solvation corrected).
The higher H-bonding energy for the FeIII -O complex is derived from
shorter O···H distances and higher charge density on oxo relative to sulfido
in the Fe-X complexes (Table 4).

(50) The thermal correction to enthalpy (including zero-point correction) was
estimated for the Fe-O and the H-bonded Fe-O system to be+5 kcal/
mol. TheT∆Scontribution to the H-bonding (i.e. three water molecules to
Fe-O) was estimated to be+31 kcal/mol at 300 K. Assuming that these
values are comparable for the Fe-O and Fe-S systems, the∆H for
H-bonding is estimated (from the H-bonding∆E’s in Scheme 1) to be-19
kcal and-7 kcal and the∆G is estimated to be+12 kcal/mol and+24
kcal/mol, respectively. These unfavorable∆G’s of H-bonding (due to the
entropic term) indicate the preorganization role of the H3buea chelate in
lowering energy required for H-bonding.

(51) The H-bonding energies are calculated from the dissociation energy of the
X2- and the three water molecules having the same geometry as in the
optimized LFeIII -X + 3H2O complex (solvent corrected).

(52) This is the interaction energy of a bare X2- with three H2O molecules
having the same geometry as in the corresponding optimized H-bonded
FeIII complex calculated using the PCM method in CH2Cl2 solvent.

(53) Note that the covalent contribution in H-bonding is almost the same for
both oxo and sulfido complexes. Although the sulfido has higher energy
donor orbitals, it has lower S3p character in those orbitals due to higher
covalency of the Fe-S bond.

(54) Dey, A.; Okamura, T.-A.; Ueyama, N.; Hedman, B.; Hodgson, K. O.;
Solomon, E. I.J. Am. Chem. Soc.2005, 127, 12046-12053.

(55) Note that the H-bonding energy estimated here is for one H2O molecule
instead of the three H2O in Table 5. The number of water molecules were
reduced as the H-bonding between these H2O molecules was complicating
the geometry optimization of the H-bonded FeIV-O.

(56) Ionic interaction energy is estimated by treating the Fe, S, and O as point
charges separated by their internuclear distances and the magnitude of the
charges were derived from the NPA calculations.



complexes, the H-bond is mainly dipolar and selectively affects
the Fe-X π bonds due to their favorable orientation with respect
to the H-bonded dipoles. The Coulombic nature of the interac-
tion leads to a stronger H-bond in the oxo complex due to its
shorter O···HN H-bonding distance and high oxo charge, which
in turn weakens the Fe-O bond more than the Fe-S bond upon
H-bonding.

Terminal metal-oxo units are normally stabilized via multiple
bonds between the metal ion and the oxo ligand. This type of
bonding often produces low-spin complexes with relatively short
M-O bonds. A recent proposal has suggested that in some cases
H-bond(s) to the terminal oxo ligand could be used in stabilizing
metal-oxo complexes.18 The H-bonds would decrease the
multiple bond character of the M-oxo unit, resulting in high-
spin complexes with longer M-O bondssproperties such as
those found in [FeIIIH3buea(O)]2-. These predictions are con-
sistent with the results presented here. The properties of the
FeIII -O bond, such as the reduced covalency and weakened
Fe-O bond, are often associated with complex instability;
however, in [FeIIIH3buea(O)]2- they are offset by the overall
stabilization gained via formation of the H-bonds.

The regulatory effects of H-bonds to terminal oxo ligands
have been proposed to be important in metalloproteins. This
proposal prompted us to examine the bonding in a related, but
hypothetical, FeIV-oxo complex, containing [H3buea]3- and one
H-bonded H2O molecule. The H-bonding energy in this FeIV-O
complex is significantly reduced (-1 kcal/mol) relative to the
corresponding FeIII -O complex (-7 kcal/mol for 1 H2O) due
to strong covalency of the iron-oxo bond in the ferryl species,
which reduces the charge on the oxo ligand.57 This could be
significant for FeIVdO intermediates in non-heme Fe enzymes.
However, relatively little is known about these intermediates
as only recently some low-spin models and a high-spin enzyme
intermediate have been characterized.58-61 However FeIVdO
intermediates have been studied in heme systems. We calculate
a similar weak H-bonding energy (∼ -0.7 kcal/mol) for an
FeIV-O porphyrin complex (with acetonitrile as the axial ligand)
for both the S) 2 state (for direct comparison with the non-
heme system) and S) 1 state (experimental ground state). This
indicates that the very covalent FeIV-O bond in both heme and
non-heme ligand environments allows for only weak H-bonding.
However, using resonance Raman spectroscopy at different
pH’s, effects of H-bonding by a protonated histidine residue
have been observed.62 With a charged imidazole, the calculated

H-bonding energy of the heme FeIV-O species increased to
-6.2 kcal/mol. For a non-heme FeIV-O group this is calculated
to be -10.1 kcal/mol.63 This suggests that for a significant
H-bonding interaction with an FeIVdO species (heme or non-
heme) the donor should be protonated.

In summary, the FeIII -O bond is stronger than that of an
FeIII -S bond due to the ionic contribution that also leads to the
stronger H-bonding interaction of the FeIII -O species. Upon
oxidation, the FeIV-O is highly covalent which reduces the
charge on the oxo ligand and decreases its ability to H-bond.
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Table 6. Calculated H-bonding Energies for Ferryl Complexes

Fe−O
(Å) qFe

a qO
a

H-bonding
energyb

FeIII -O (L)c 1.74 2.44 -0.01
FeIII -O (L) + H2O 1.76 2.50 -0.17 -7.3
FeIV-O (L)

S ) 2 1.66 1.86 0.10
FeIV-O (L) + H2O

S ) 2 1.67 1.88 0.02 -1.4
FeIV-O (L) + ImH+

S ) 2 1.68 -10.1
PFeIV-O(CH3CN)d

S ) 1 1.63 0.96 0.22
S ) 2 1.64 1.96 0.21

PFeIV-O(CH3CN) + H2O
S ) 1 1.64 0.99 0.18 -1.4
S ) 2 1.64 2.00 0.09 -0.7

PFeIV-O(CH3CN) + ImH+

S ) 2 1.65 -6.2

a NPA charges.b Values in kcal/mol computed using a PCM model.c L
stands for the modified H3buea ligand where the H-bonding arms are
truncated.d P stands for an unsubstituted porphirinato ligand.


