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Abstract: X-ray absorption spectroscopy at the sulfur K-edge (∼2470 eV) has been applied to a series of
2Fe-2S model complexes to obtain insight into their electronic structures. Since these 2Fe-2S complexes
contain both terminal thiolates and bridging sulfides, contributions to covalency from both sets of ligands can
be evaluated. Importantly, the pre-edge feature of sulfide can be resolved from that of thiolate due to differences
in effective nuclear charge. In our previous studies, the covalency of the metal-thiolate bond in [Fe(SR)4]-

was determined. In this study, sulfide covalency is quantified for the first time on the basis of an analysis of
previous X-ray photoelectron and X-ray absorption spectroscopic studies of [FeCl4]- which are then applied
to the bis-µ2-sulfide compound KFeS2. With references for both sulfide and thiolate covalencies thus established
for open d-shell systems, comparisons are made between thiolate and sulfide bonding. Sulfide-Fe covalency
in the [Fe2S2(SR)4]2- complexes is higher than thiolate-Fe covalency, indicating extensive charge donation
of the bridging sulfides. Finally, this investigation of model complexes is extended to the oxidized and reduced
2Fe-2S cluster of the Rieske protein ofParacoccus denitrificanswhich has terminal thiolates on one Fe
center, and histidines on the other Fe center. It is determined that thiolate covalency of the Fe(III) center is the
same in both the oxidized and reduced Rieske clusters and similar to that of the [Fe2S2(SR)4]2- model complexes.
Further, in the fully oxidized Rieske cluster, the sulfide covalency of the ferric center containing terminal
histidine ligation is∼18% higher than the Fe(III) containing terminal thiolate ligation. This is consistent with
the fact that the histidine ligands are poorer donors and supports the suggestion that the terminal histidine
ligation makes a significant contribution to the higher reduction potential of the Rieske protein.

Introduction

Metalloproteins containing iron-sulfur active sites are present
in all forms of life and are commonly involved in electron
transfer.1-5 The simplest of the Fe-S proteins are the rubre-
doxins which contain one iron center and often have molecular
weights in the range of 6-7 kDa. The rubredoxin Fe site is
coordinated by four thiolates from cysteine residues in a nearly
Td geometry.6,7 In the 2Fe ferredoxins, the metal ions have
terminal thiolate ligation as in the rubredoxins, but additionally

have di-µ-bridging sulfides as shown in Figure 1a. The irons in
the dimer are antiferromagnetically coupled through a super-
exchange pathway via the bridging sulfides.8-10 The biologically
relevant redox reaction of the 2Fe ferredoxins involves a one-
electron couple between 2Fe(III) and an Fe(III)/Fe(II). The
oxidized site has anS) 0 ground state, and the reduced state,
which is a localized mixed valence site,11 has anS) 1/2 ground
state. The nature of the electronic structure of these iron-sulfur
active sites and its relationship to electron-transfer reactivity is
not yet fully understood. However, the highly covalent sulfur-
metal interactions clearly play an important role in determining
the reactivity of these sites. Investigating the ligand-metal
bonding in the 2Fe-2S ferredoxin system is of critical
importance in understanding this site and defining electronic
structure contributions to reduction potentials and electron-
transfer pathways.

Ligand K-edge X-ray absorption spectroscopy (XAS) pro-
vides a direct experimental probe of these ligand-metal bonding
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interactions. The electric dipole-allowed transitions for K-edges
are 1sf np. The K-edge absorption of a ligand bound to a d9

copper ion exhibits a well-defined pre-edge feature which is
assigned as a ligand 1sf ψ* transition, whereψ* is the half-
filled, highest-occupied molecular orbital (HOMO) in Cu(II).12

Due to the localized nature of the ligand (L) 1s orbital, this
transition can have absorption intensity only if the half-filled
HOMO orbital contains a significant component of ligand 3p
character as a result of covalency. The intensity of this L 1sf
ψ* transition is given by eq 1, whereψ* ) (1 - R′2)1/2[Cu 3d]

- R′[L 3p] andR′2 represents the amount of L 3p character in
the HOMO. The observed pre-edge transition intensity is then
the intensity of the pure dipole-allowed L 1sf L 3p transition
weighted by R′2. Thus, the pre-edge intensity provides a
quantitative estimate of the ligand contribution to the HOMO
due to bonding.

The pre-edge feature in dn metal centers other than Cu(II)
also corresponds to a transition (or several transitions) from a
ligand 1s orbital to unoccupied or partially occupied antibonding
orbitals with both metal d and ligand p character. However, in
systems with more than one d-manifold electron or hole,
transitions to more than one partially occupied metal d-derived
orbital are possible and multiplet effects in the dn+1 final state
can affect the observed intensity. Methodology has been
developed to analyze these effects for the Cl K-edge pre-edge
intensity in a series of tetrahedral metal tetrachlorides, [MCl4]2-,
where M) Cu(II), Ni(II), Co(II), and Fe(II).13aThe correlation
between S pre-edge intensity and covalency has also been
developed for an analogous [M(SR)4]2- series, where M) Ni-
(II), Co(II), Fe(II), and Mn(II).14 It is important to note that in
these tetrathiolate complexes the anisotropy of the thiolate p
orbitals in bonding to the metal has to be taken into account.
On the basis of the [MCl4]2- and [M(SR)4]2- studies, expres-
sions have been derived for metal centers, which allows the
ligand HOMO covalency to be quantitatively related to ligand
pre-edge intensity.13a,14 This expression for tetrahedral ferric
complexes is given in eq 2.13b D0 is the total experimental

intensity,c1
2 andc2

2 are coefficients which reflect the ligand
3p σ andπ covalency, respectively, in the t2 set of orbitals,c3

2

is the coefficient which reflectsπ covalency in the e set of

orbitals, and〈s|r |p〉2 is the intensity of a pure ligand 1sf 3p
transition. Thus, ligand K-edge XAS can provide a direct
experimental probe of the ligand character in the redox active
orbitals in Fe-S systems.

Recently, ligand K-edge XAS has been applied to investigate
the monomeric iron tetrathiolate systems.15 A study of ferrous
and ferric model complexes and a series of rubredoxins was
performed. In that study, it was established that the ferric model
complex had a S K-edge pre-edge feature that was similar in
shape and energy to that of the proteins. It was determined,
however, that the covalencies of the proteins were lower than
that of the model complex. This is consistent with the fact that
H-bonding reduces the ability of the sulfur to donate electron
density to the metal. It was further established, on the basis of
the S K-edge spectrum of a ferrous monomer in the rubredoxin
study,15 and the previous metal tetrathiolate study,14 that the
pre-edge feature of the ferrous complex is shifted to higher
energy and overlaps the S edge due to the lower effective nuclear
charge on the ferrous site. These results are important for the
extension to higher nuclearity iron-sulfur systems.

In this work, sulfur K-edge XAS studies have been conducted
for a series of binuclear iron-sulfur model complexes whose
structural properties as well as synthetic references are given
in Table 1. Analysis of the S K-edges of a series of binuclear
iron-sulfur sites defines the covalency of the thiolate S-Fe-
(III) bond and also the bridging sulfide-Fe(III) bond and
provides a reference for binuclear ferric sites in proteins. The
S K-edge XAS of [Fe2Se2(SPh)4]2- and [Fe2S2Cl4]2-, which
contain contributions from only thiolate or bridging sulfide,
respectively, have been compared to assign the pre-edge
transitions of the [Fe2S2(SR)4]2- spectra. In addition, although
iron-thiolate covalency has been previously investigated and
determined, the covalency of an iron-bridging sulfide bond has
not been established. In this study, a reference is established
for quantifying iron-sulfide covalency using photoelectron
spectroscopy and XAS data. The total covalencies of the dimeric
iron-sulfur models are then determined, individual contributions
of the ligands to iron-sulfur covalency are investigated, and
experimentally determined covalencies are correlated with redox
properties. A comparison is made between the 2Fe-2S model
complexes and the oxidized and reduced Rieske protein.

The Rieske cluster ofParacoccus denitrificans, which is
depicted in Figure 1b, is part of the membrane-bound cyto-
chromebc1 complex, which participates in aerobic mitochondrial
or bacterial respiratory chains and in the photoredox chains in
purple bacteria.17 The function of the Rieske cluster is to catalyze
the one-electron oxidation of hydroquinone to the semiquinone
followed by one-electron transfer to ac-type cytochrome (c1 or
f). The Rieske cluster is similar to the ferredoxin center in that
it is a binuclear site containing di-µ-bridging sulfides between
the two iron atoms.18 However, while one of the iron ions of
the Rieske cluster has terminal thiolate ligation consistent with
the 2Fe ferredoxin, the other iron site contains nitrogen ligation
from histidines (Figure 1b). The Rieske cluster has a high
reduction potential of 140-290 mV,19 and the reduction occurs
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Figure 1. Schematic structures of the iron sulfur active sites in(a)
the 2Fe ferredoxin site and(b) the Rieske protein.
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at the iron atom that contains the terminal histidine ligation.20

Therefore, due to similarities to the ferredoxins, the ability to
selectively reduce one of the iron atoms in the protein, and the
high reduction potential, these model studies have been extended
to the Rieske protein. The covalencies of both the terminal
thiolates and bridging sulfides to the Fe(III) center in the protein
and differences in the oxidized sites due to ligation differences
are investigated.

Experimental Section

Sample Preparation. The model complexes [Me3NCH2Ph]2[Fe2S2-
(SEt)4],21 [Et4N]2[Fe2S2(SPh)4],22 [Et4N]2[Fe2S2(S2-o-xyl)2],22 [Et4N]2[Fe2-
Se2(SPh)4],22 [Et4N]2[Fe2S2Cl4],23 and CsFeS2,24 as well as the water-
soluble fragment of the Rieske protein fromParacoccus denitrificans,17

were prepared according to published procedures.
For the XAS experiments, the solid samples of model complexes

were ground into a fine powder which was dispersed as thinly as
possible on Mylar tape to minimize the possibility of self-absorption.
The procedure has been verified to minimize self-absorption effects in
the data by systematically testing progressively thinner samples until
the observed intensity no longer varies with the thickness of the sample.
The Mylar tape contained an acrylic adhesive which was determined
to have a level of sulfur and chlorine contaminants below that which
is detectable under the conditions of the X-ray absorption measurements.
The powder on tape was mounted across the window of an aluminum
plate. The samples were prepared in dry, anaerobic atmospheres. A
6.35µm polypropylene film window protected the solid samples from
exposure to air during transfer from a nitrogen-filled glovebox to the
experimental sample chamber.

The protein samples were preequilibrated in a water-saturated He
atmosphere for∼0.5-1 h to minimize bubble formation in the sample
cell. Protein solutions were loaded via a syringe into a Pt-coated Al
block sample holder sealed in front by a 6.35µm thick polypropylene
window. The protein concentrations were 0.8-1.0 mM in 20 mM
potassium phosphate buffer. After several scans of the initially reduced
Rieske protein were obtained, the sample was oxidized with ap-
proximately 2-3 equiv of a 100 mM solution of K3[Fe(CN)6] prepared
in deionized water.

X-ray Absorption Spectroscopy Measurements. XAS data were
measured at the Stanford Synchrotron Radiation Laboratory using the
54-pole wiggler beamline 6-2 in a high magnetic field mode of 10 kG
with a Ni-coated harmonic rejection mirror and a fully tuned Si(111)
double crystal monochromator, under ring conditions of 3.0 GeV and
50-100 mA. The entire path of the beam was in a He atmosphere.
Details of the optimization of this setup for low-energy studies have
been described in an earlier publication.25

All S K-edge XAS measurements were made at room temperature
for the solid samples, and∼4 °C for the proteins. The data were

measured as fluorescence excitation spectra utilizing an ionization
chamber as a fluorescence detector.26,27 To check for reproducibility,
at least 2-3 scans were measured for each solid sample, while multiple
scans were measured of the proteins to obtain a good signal-to-noise
level in the data and to monitor photoreduction of the samples. The
final averages for the proteins were based on five and twelve scans for
the oxidized and reduced Rieske protein, respectively. The energy was
calibrated from S K-edge spectra of Na2S2O3‚5H2O, which were
collected at intervals between the samples. The maximum of the first
pre-edge feature in the spectrum was assigned to 2472.02 eV. Scans
ranged from 2420 to 2740 eV and from 2440 to 2525 eV for models
and proteins, respectively, with a step size of 0.08 eV in the edge region.
The spectrometer energy resolution was∼0.5 eV.25 Calculating and
comparing first and second derivatives for model compounds measured
repeatedly during different experimental sessions results in a reproduc-
ibility in edge position of∼0.1 eV.

Cl K-edge measurements were made in an experimental manner
analogous to that of the S K-edge measurements. The energy was
calibrated from the Cl K-edge spectra of Cs2[CuCl4], run at intervals
between the samples. The maximum of the first edge-region feature in
the spectrum was assigned to 2820.20 eV. Scans ranged from 2740 to
3100 eV, with a step size of 0.08 eV in the edge region for the samples.

Data Reduction. Data were averaged, and a smooth background
was removed from all spectra by fitting a polynomial to the pre-edge
region and subtracting this polynomial from the entire spectrum.
Normalization of the data was accomplished by fitting a flat polynomial
or straight line to the post-edge region and normalizing the edge jump
to 1.0 at 2490 and 2820 eV for the S K-edge and Cl K-edge data,
respectively.

Fitting Procedures. The intensities of pre-edge features of the ferric
model complexes and the oxidized and reduced protein were quantified
by fits to the data. The fitting program EDG_FIT, which utilizes the
double precision version of the public domain MINPAK fitting library,29

was used. EDG_FIT was written by Dr. Graham N. George of the
Stanford Synchrotron Radiation Laboratory. Pre-edge features were
modeled by pseudo-Voigt line shapes (simple sums of Lorentzian and
Gaussian functions). This line shape is appropriate as the experimental
features are expected to be a convolution of the Lorentzian transition
envelope30 and the Gaussian line shape imposed by the spectrometer
optics.27,31,32A fixed 1:1 ratio of Lorentzian to Gaussian contribution
for the pre-edge feature successfully reproduced these spectral features.
The rising edge functions were also pseudo-Voigt line shapes, for which
the Gaussian-Lorentzian mixture was allowed to vary to give the best
empirical fit. Good fits which were used in the calculation of pre-edge
peak intensity were those which were optimized to reproduce both the
data and the second derivative of the data using a minimum number of
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Table 1. Summary of 2Fe-2S Model Complex Structuresa

sample
iron

coordination
av Fe-S*

(Å)
av Fe-SR

(Å)
X-Fe-X

(deg)
Fe-Fe

(Å)
synth
ref

cryst struct
ref

[Et4N]2[Fe2S2(S-o-xyl)2] FeS*2(SR)2 2.208 2.304 104.7-112.3 2.698 22 51
[Me3NCH2Ph]2[Fe2S2(SEt)4] FeS*2(SR)2 ND 21
[Et4N]2[Fe2S2(SPh)4] FeS*2(SR)2 2.198 2.301 111.8-119.8 2.691 22 52
[Et4N]2[Fe2S2Cl4] FeS*2Cl2 2.200 2.251b 105.4-112.7 2.716 23 53
[Et4N]2[Fe2Se2(SPh)4] FeSe*2(SR)2 2.328c 2.306 106.2-113.1 2.795 22 49
CsFe(III)S2 FeS*4 2.23 104.6-113.5 2.715 24 24

a ND ) crystal structure not determined; An asterisk indicates a bridging sulfide/selenide.b Fe-Cl distance.c Fe-Se distance.
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peaks. It was determined, on the basis of the second derivative, that
the sulfide pre-edge transition contained at least two peaks, and the
thiolate at least one peak. Therefore, on the basis of the half-widths of
0.5-0.6 eV,28 the transitions were fit with two and one peak,
respectively. Single peak fits with a larger half-width were also
performed. It should also be noted that a five-peak theoretical fit of
the pre-edge of [Et4N]2[Fe2Se2(SPh)4] (vide infra) and a four-peak
theoretical fit of [Et4N]2[Fe2S2Cl4] were performed to evaluate the
effects of d-orbital splitting, but were not used in the final calculations
of covalency for these complexes. Fits were performed over several
energy ranges: from one which included the tail of the rising edge, to
one which included the white line maximum of the edge. The intensity
of a pre-edge feature (where peak intensity is given by peak area,
calculated as the height× full width at half-maximum) is the sum of
the intensity of all the pseudo-Voigts which successfully fit the feature
for a given fit. The final reported intensity values for both the model
complexes and the proteins were calculated by averaging all of the
good pre-edge fits.

Error Sources and Analysis. There are several possible sources of
systematic error in the analysis of these spectra. Normalization
procedures can introduce a 1-3% difference in pre-edge peak heights,
as determined by varying the parameters used to normalize a set of Cl
K-edge spectra such that the final fits met requirements of consistency.
The error for the intensity of a pure 1sf 3p transition was calculated
for both sulfide and thiolate on the basis of CsFeS2 and plastocyanin.
For each sample, the standard deviation of the average of the pre-edge
areas for the acceptable series of fits described in the previous section
was calculated to quantify the uncertainty of the fit. The normalization
error of ∼3% and the error resulting from the fitting procedure were
combined (i.e., the square root of the sum of their squares) and
propagated along with the error for the integral of the pure 1sf 3p
transition. The uncertainty in pre-edge energies is limited by the
reproducibility of the edge spectra ((0.1 eV).

Results

The S K-edge XAS spectra of the ferric model complexes
[Me3NCH2Ph]2[Fe2S2(SEt)4], [Et4N]2[Fe2S2(S2-o-xyl)2], and
[Et4N]2[Fe2S2(SPh)4] are shown in Figure 2a. The pre-edge
features of all three complexes occur between 2468 and∼2472
eV. The edge feature which occurs between∼2472 and 2474
eV shifts on the basis of the nature of the terminal thiolate
ligation. The energies of these features are given in Table 2.
These energies are based on fits to the second derivative of the
data. A representative fit along with the second derivative is
shown in Figure 2b,c. Since the edge feature of [Et4N]2[Fe2S2-
(SPh)4] (dotted line) has the highest energy and the most well-
resolved pre-edge transitions, the S K-edge spectrum of this
complex will be the focus of the study of the model complexes.

The S K-edge XAS spectra of [Et4N]2[Fe2Se2(SPh)4], [Et4N]2-
[Fe2S2Cl4], and [Et4N]2[Fe2S2(SPh)4] are shown in Figure 3a.
The [Et4N]2[Fe2Se2(SPh)4] spectrum contains contributions from
terminal thiolate ligation only, while that of [Et4N]2[Fe2S2Cl4]
contains only bridging inorganic sulfide contributions. Therefore,
energies and intensities of the pre-edge features of a sulfide
and a thiolate in an iron-sulfur dimer can be determined, and
the sum of the S K-edge spectra of these two complexes
assumed to represent the total sulfur contributions from a
[Fe2S2(SR)4]2- complex. As seen from Figure 3b, using
[Et4N]2[Fe2Se2(SPh)4] as a reference for terminal thiolate-Fe
bonding and [Et4N]2[Fe2S2Cl4] for bridging sulfide-Fe bonding,
the appropriately normalized sum of these data is a good
representation for the S K-edge spectrum of [Et4N]2[Fe2S2-
(SPh)4]. The peak at∼2469.6 eV can be assigned as the sulfide
1sf Fe 3d and the peak at 2470.8 eV as the thiolate 1sf Fe
3d transition. The magnitude in energy separation, due to the
difference in effective nuclear charge of the sulfide versus the
thiolates, enables the pre-edge intensities to be resolved. The

resulting covalency values obtained for sulfide and thiolate per
iron for the model complexes shown in Figures 2 and 3 are
given in Table 3, and renormalization of the data and calcula-
tions of the covalency are discussed in the Analysis section.

It has previously been established that the blue copper protein
plastocyanin (Pc) has a S-Cys covalency of 38%,28 and this
has been used as a reference for quantifying thiolate covalency
when a thiolate is bound to open-shell metal ions. There has
been no reference established to correlate pre-edge intensity to
covalency in an open-shell metal-sulfide bond. Therefore, the
CsFeS2 infinite chain complex, which contains bis-µ2-sulfide
bridges, has also been investigated in this study as a reference
for bridging sulfide-Fe covalency. The S K-edge spectrum of
CsFeS2 is presented in Figure 4 along with that of [Et4N]2[Fe2S2-
Cl4] (from Figure 3a) for comparison. Since the features of these
two spectra are similar, CsFeS2 is appropriate for use as a
reference compound.

To determine the total covalency in the dimers (vide infra),
Cl K-edge data were also obtained for [Et4N]2[Fe2S2Cl4], shown
in Figure 5. The spectrum of monomeric [Et4N][FeCl4] is
included as a reference.13a The edge energy decreases and the

Figure 2. (a) S K-edge spectra of the fully oxidized 2Fe-2S model
complexes: [Me3NCH2Ph]2[Fe2S2(SEt)4] (s), [Et4N]2[Fe2S2(S2-o-xyl)2]
(---), and [Et4N]2[Fe2S2(SPh)4] (‚‚‚). (b) Representative fit to the pre-
edge region of the S K-edge spectrum of [Et4N]2[Fe2S2(SPh)4]. (c)
Second derivative of both the data (s) and the fit (---) to the data.
Note that the energy scale of (a) is different from those of (b) and (c).
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pre-edge energy increases from monomer to dimer. In addition,
the intensity of this pre-edge feature decreases from the
monomer to the dimer, indicative of lower covalency in the
dimeric complex. The total chloride-Fe covalency was deter-
mined to be 54% in the dimer, which corresponds to 27%
chloride-Fe covalency per iron center.

The S K-edge data of both the oxidized (dashed line) and
the reduced (solid line) Rieske protein are shown in Figure 6.
The pre-edges of the reduced protein and the [Et4N]2[Fe2S2-
(SPh)4] model (dotted spectrum in Figure 3a) are similar in that
they are both split with approximately the same energy
difference. Previous studies showed that an Fe(II) center does
not display a pre-edge feature that was energy resolved from
the edge.14,15Therefore, the S K-edge spectrum of the reduced

Rieske protein is a representation of thiolate and sulfide bonding
to the oxidized iron site. Subtraction of the S K-edge spectrum
of the reduced Rieske protein from the spectrum of the oxidized
Rieske protein (inset of Figure 6) provides a means of
quantifying the covalency of the individual sites in the oxidized
protein. The values for the thiolate-Fe and sulfide-Fe cova-
lency in both the reduced and oxidized protein are given in Table
3.

Analysis

Thiolate-Fe Bonding. As mentioned, the metal-ligand
covalency is directly related to the intensity of the ligand pre-
edge feature. To determine the metal-ligand covalency in the
Fe-thiolate bond, the intensity of the pre-edge feature of the
well-understood blue copper protein, plastocyanin, was used as

Table 2. Sulfide and Thiolate Pre-edge and Thiolate S K-Edge
Peak Energiesa

compound

av sulfide
energyb
pre-edge
peak 1

av sulfide
energyb
pre-edge
peak 2

thiolate
pre-edge

peak
energyb

thiolate
peak
edge

energyb

[Fe(S2-o-xyl)4]- 2470.4 2472.2
[Fe2S2(SPh)4]2- 2469.4 2469.9 2470.8 2472.7
[Fe2S2(S2-o-xyl)2]2- 2469.5 2470.0 2470.7 2471.9
[Fe2S2(SEt)4]2- 2469.4 2470.0 2470.6 2472.7
[Fe2Se2(SPh)4]2- 2470.7 2472.5
[Fe2S2Cl4]2- 2469.3 2469.9
CsFeS2 2469.7 2470.3
Rieske, oxidized 2469.3 2469.8 2470.8 2472.7
Rieske, reduced 2469.3 2469.9 2470.8 2472.6

a Energies are reported as average energies based on fits of the data.
These fits are performed to reproduce the features of the second
derivative of the data. Therefore, although theoretically there are five
peaks representing the sulfide transition and four peaks representing
the thiolate transition, the fits are based on two peaks in the sulfide
(representing e and t2 splitting) and one peak in the thiolate.b Units
are electronvolts.

Figure 3. (a) Normalized S K-edge spectra of [Et4N]2[Fe2S2Cl4] (s),
[Et4N]2[Fe2Se2(SPh)4] (---), and [Et4N]2[Fe2S2(SPh)4] (‚‚‚). Note that
the thiolate and sulfide pre-edge peaks are distinguishable in [Et4N]2-
[Fe2S2(SPh)4]. (b) Addition of S K-edge spectra of [Et4N]2[Fe2S2Cl4]
and [Et4N]2[Fe2Se2(SPh)4] (s) and comparison to that of [Et4N]2[Fe2S2-
(SPh)4] (---). The solid line was obtained by adding 2/1 of the S K-edge
spectrum of [Et4N]2[Fe2S2Cl4] and 4/1 of the S K-edge spectrum of
[Et4N]2[Fe2Se2(SPh)4].

Figure 4. S K-edge spectra of [Et4N]2[Fe2S2Cl4] (s) and the infinite
chain complex CsFeS2 (‚‚‚).

Figure 5. Cl K-edge spectra of [Et4N]2[Fe2S2Cl4] (s) and [Et4N][FeCl4]
(‚‚‚).

Figure 6. Normalized S K-edge spectra of the oxidized (Fe(III)/Fe-
(III)) (---) and the reduced (Fe(III)/Fe(II)) (s) Rieske protein. The inset
shows an expanded pre-edge region and the difference spectrum of
the oxidized and reduced clusters (‚‚‚).
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the reference. For plastocyanin, this pre-edge feature has an
intensity of 1.02 units, which corresponds to a covalency of
38% S-Cys in the Cu-S bond.28 This intensity of the pre-
edge feature is normalized to one sulfur; therefore, to determine
the total covalency of the iron-thiolate bonds, the intensity of
the pre-edge feature of the sample of interest needs to be
multiplied by a factor representing the number of iron-thiolate
bonds. Also, effective nuclear charge differences between the
Cu(II) and Fe(III) complexes need to be taken into account when
the total covalency is calculated (eq 2); however, it has been
previously determined that this difference has a negligible
effect.13a

For the 2Fe-2S complexes containing terminal thiolate
ligation, the final covalency values were obtained after the data
were renormalized to account for additional sulfurs present.
Renormalization is performed to quantify the intensity of a pre-
edge per one sulfide or one thiolate ligand, as all sulfurs in the
complex contribute to the edge intensity, but only those bound
to the iron site contribute to pre-edge intensity. Additionally,
since the sulfide and the thiolate contributions to the pre-edge
are resolved, renormalization needs to be performed for each
type of sulfur. For example, for [Et4N]2[Fe2S2(SPh)4], the area
of the peak representing the thiolate pre-edge intensity was
multiplied by 6/4 since there are 6 total sulfurs present with 4
being thiolates contributing to the pre-edge intensity at∼2470.8
eV. For the bridging sulfides in the same complex, the
renormalization factor was 6/2 since there are 6 total sulfurs,
but only 2 of those sulfurs contribute to that specific pre-edge
peak intensity. The S-K pre-edge intensity of [Et4N]2[Fe2Se2-
(SPh)4] was renormalized by a factor of 1 since all of the sulfurs
present in the sample contribute to both edge and pre-edge
intensities. After the thiolate pre-edge intensities were renor-
malized, the covalencies in Table 3 were calculated using eq 2
and the pre-edge intensity of the complexes. Note that the Rieske
protein studied contains eight different sulfur atoms, two from
methionine residues, four from cysteine residues, and two
bridging sulfides. Only the two cysteines bound to the iron and
the two bridging sulfides contribute to the pre-edge intensity,
but all eight sulfurs contribute to the edge. Therefore, the pre-
edge intensities for the thiolates and sulfides have been
renormalized by a factor of 8/2.

Sulfide-Fe Bonding. To evaluate the sulfide covalency in
the iron-sulfur clusters, a standard relating sulfide pre-edge
peak intensity to covalency in open d-shell systems was needed,
in analogy to the standard for thiolate covalency, as described
above. In this paper this is established from the analysis of
published XPS data on KFeS2 using Na[FeCl4] as a reference.33

The 2p3/2 core level XPS spectra for [FeCl4]- and KFeS2 are
shown in Figure 7a, which is adapted from ref 33.

In the photoemission process, an electron is ionized from a
core level of the ground-state configuration (ΨG). Ionization
of a metal 2p electron yields the core levels 2p3/2 and 2p1/2 which
are split through spin-orbit coupling. In the sudden approxima-
tion, the creation of the photoelectron hole occurs rapidly, before
the remaining electrons adjust to the new potential (configuration
ΨR). The hole in the core results in final state relaxation because
the valence electrons feel a higher effective nuclear charge and

(33) Butcher, K. D.; Gebhard, M. S.; Solomon, E. I.Inorg. Chem.1990,
29, 2067-2074.

Table 3. Intensities and Covalenciesa of S K-Edge Pre-edge Data

compound
sulfide

intensity
renorm
factor

renorm
sulfide

intensity

covalency
of one sulfide

per Fe (%)
thiolate
intensity

renorm
factor

renorm
thiolate
intensity

covalency
of one thiolate

per Fe (%)

[Fe(S2-o-xyl)4]- 1.15 1 1.15 43( 2
[Fe2S2(SPh)4]2- 1.05 3 3.15 72( 5 0.53 1.5 0.80 30( 3
[Fe2S2(S2-o-xyl)2]2- 1.46 3 4.38 100( 7 0.58 1.5 0.87 33( 2
[Fe2S2(SEt)4]2- 1.13 3 3.39 78( 7 0.45 1.5 0.67 25( 3
[Fe2Se2(SPh)4]2- 0.84 1 0.84 31( 2
[Fe2S2Cl4]2- 2.84 1 2.84 65( 5 0.94b 1b 0.94b 13 ( 2b

CsFeS2 2.42 1 2.42 52( 5
Rieske, oxidized 0.77 4 3.09 71( 7 0.23 4 0.91 34( 4
Rieske, reduced 0.36 4 1.45 67( 6 0.22 4 0.87 32( 3

a The covalency values are calculated on the basis of the intensities given and the use of eq 2.b Values for chloride.

Figure 7. (a) Experimental 2p3/2 XPS spectra of KFeS2 (left) and Na-
[FeCl4] (right) adapted from Butcher et al.33 (b) Configuration interac-
tion model for analysis of XPS satellite structure: ground-state
configurations (left) and relaxed final state configurations (right).(c)
Dependence ofQ on T for Na[FeCl4] (s) and KFeS2 (---) calculated
from the experimental values forW and IS/IM given in Table 4.
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the electron-electron repulsion energies change. For late
transition metal ions, the energy level ordering of the valence
electron MOs becomes inverted so that in the relaxed final state
the antibonding levels have mostly ligand character and the
bonding levels are mostly metal-like. This relaxed final state
(configurationΨM) corresponds to the main transition in the
Fe 2p3/2 XPS spectrum (Figure 7a). The satellite transition results
formally from a two-electron transition corresponding to the
simultaneous core ionization plus excitation of an electron from
the mainly metal-based orbitals to the mostly ligand-based
orbitals (configurationΨS). This formally forbidden two-electron
shake-up transition gains intensity from final state relaxation.
The intensity (Ii, i ) M, S) is given in the sudden approximation
as

where Ψi
n-1 is the respective final state,ΨR

n-1 is the initial
unrelaxed state with one electron removed, andn is the number
of electrons in the system before ionization. According to eq 3,
only initial and final states with the same symmetry can
contribute to main peak and satellite formation.

To derive a value for the covalency, a simple valence bond
configuration interaction (VBCI) model was applied to the PES
data as described by Sawatzky et al.34 and Davis.35 The extended
model of Park et al.36,37 was not used because the extension
takes into account charge-transfer (CT) transitions corresponding
to three or more electronic transitions which are not observed
experimentally.

In the VBCI model, the ground-state wave functionΨG is
obtained from diagonalization of the 2× 2 matrix

where|3d5〉 represents the metal electron valence configuration
and |3d6L〉 represents the one-electron ligand-to-metal charge-
transfer configuration before mixing (L denotes a ligand hole)
(Figure 7b, left). The solution of eq 4 gives

for the eigenvector of the lowest energy state with

By this definition the energy splitting,∆, is negative (Figure
7b, left). The eigenvalues of the mixed states are

The photoemission process creates a core hole denoted byc.
The two possible final states corresponding to the main (ΨM)

and the satellite (ΨS) peaks are

with

The energy matrix is then

whereQ represents the interaction of the core hole with the
electronic state (by this definitionQ < 0). The energy difference,
W, between the main and the satellite peaks is therefore (Figure
7b, right)

Combination of eqs 3, 5, and 8 gives the intensity ratio for the
main and the satellite transitions as

With eqs 6, 9, 11, and 12 the system has four equations and
seven variables. The energy splittingW and the intensity ratio
IS/IM of the two XPS transitions are experimentally observed
(Figure 7a). The broad features were fit with two Gaussian peaks
for the main transition and one Gaussian peak for the satellite
region,33 giving the results for W andIS/IM shown in Table 4.

For [FeCl4]- the chloride-Fe covalency over all five d-
orbitals was determined to be 85.5% by Cl K-edge XAS.13

Under the assumption of negligible e(π) covalency, the ligand
character is 28.5% per t2 orbital, yielding 71.5% d character.
With this input value along withW and IS/IM, the remaining
four variables could be determined in the four equations listed
above (Table 4). Note that the value forQ ) -4.4 eV is nearly
the same as the previously estimated value ofQ ) -4.3 eV for
reasonable values ofT (Figure 7c).38

The value of∆ ) -2.3 eV that was obtained for [FeCl4]-

represents the energy difference between the Fe d-manifold and
the Cl 3p manifold before interaction. To obtain a value of∆
for KFeS2, the electronic absorption spectra of both the [FeCl4]-

and the KFeS2 compounds were analyzed in order to compare

(34) van der Laan, G.; Westra, C.; Haas, C.; Sawatzky, G. A.Phys. ReV.
B 1981, 23, 4369-4380.

(35) Davis, L. C.Phys. ReV. B 1982, 25, 2912-2915.
(36) Park, J.; Ryu, S.; Han, M.; Oh, S.-J.Phys. ReV. B 1988, 37, 10867-

10875.
(37) Zaanen, J.; Westra, C.; Sawatzky, G. A.Phys. ReV. B 1986, 33,

8060-8073.
(38) Butcher, K. D.; Didziulis, S. V.; Briat, B.; Solomon, E. I.J. Am.

Chem. Soc.1990, 112, 2231-2242.

Table 4. XPS Parameters for [FeCl4]- and KFeS2a

[FeCl4]- KFeS2 [FeCl4]- KFeS2

IS/IM 0.20 0.31 T (eV) -2.4 -1.4
W (eV) 5.3 4.2 cos2 θ, % 71.5 58.0
Q (eV) -4.4 -3.6 cos2 θ′, % 30.7 12.3
∆ (eV) -2.3 -0.4

a Values for IS/IM and W for both were obtained from previous
studies.33,38 The value of cos2 θ for [FeCl4]- was based on previous
XAS results.13

Ii ) |〈Ψi
n-1|ΨR

n-1〉|2 (3)

ΨG ) (cosθ)|3d5〉 - (sin θ)|3d6L〉 (5)

tan 2θ ) + 2T
∆

(6)

E( ) (1/2)∆ ( (1/2)x∆2 + 4T2 (7)

ΨM ) (cosθ′)|c3d5〉 - (sin θ′)|c3d6L〉 (8a)

ΨS ) (sin θ′)|c3d5〉 + (cosθ′)|c3d6L〉 (8b)

tan 2θ′ ) + 2T
∆ - Q

(9)

W ) x(∆ - Q)2 + 4T2 (11)

IS

IM
)

|〈ΨS
n-1|ΨR

n-1〉|2

|〈ΨM
n-1|ΨR

n-1〉|2
) (sin θ′ cosθ - cosθ′ sin θ

cosθ′ cosθ + sin θ′ sin θ)2
)

(tan(θ′ - θ))2 (12)
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their ligand-to-metal charge-transfer transitions. The energy
difference of the first ligand-to-metal charge-transfer transition
(t1 f e in approximateTd symmetry) gives the shift of the
respective ligand 3p manifold. This transition occurs at 3.39
eV in [FeCl4]- 39 and at 1.51 eV in KFeS2.40 The sulfur 3p
manifold is therefore 1.88 eV higher in energy in comparison
to the chloride 3p manifold. This results in∆ ) -0.4 eV for
KFeS2. From this the remaining four variables could be
determined (Table 4). On the basis of Figure 7c,Q ) -3.6 eV
is the value which one can expect for reasonable values ofT.
The reduction ofQ in sulfide versus chloride ligation of nearly
17% is reasonable due to the larger nephelauxetic effect of the
sulfide. On the basis of this analysis, the sulfide covalency per
iron orbital in KFeS2 is determined to be 42%, which yields a
total covalency of 210%. Note that all Fe d-orbitals are treated
approximately as equivalent since the e(π) interaction is now
larger for sulfide ligation (vide infra). As CsFeS2 is isostructural
with KFeS2, it is assumed in further analysis that their covalency
values are the same.

Comparison of the Transition Moment Integral for
Thiolate and Sulfide. On the basis of eq 2, and the covalencies
obtained for plastocyanin (Pc) and the bis-µ2-sulfide-bridged
compound CsFeS2, the transition moment integral,〈1s|r |3p〉2,
can be calculated for both thiolate and sulfide, wherer is the
electric dipole operator and the integral represents the intensity
of a pure 1sf 3p transition. The value of this integral can be
obtained experimentally since the covalency has been deter-
mined by XPS and the intensity has been determined from ligand
K-edge data. On the basis of the covalency of 38% and an
intensity of 1.02 in Pc, the transition moment integral for a
thiolate transition is 8.05. (It should be noted as determined in
ref 13a that theD0 expression for Cu(II) is the same as that for
Fe(III) except that the integral must be multiplied by 1/3 since
there is only one hole in the t2 set of orbitals while theD0

expression for Fe(III) is multiplied by 3/3.) The total sulfide
covalency of 210% for KFeS2, and by analogy CsFeS2, was
determined as discussed above. To determine the transition
moment integral on the basis of one Fe-sulfide bond, the total
covalency was divided by 4 and the intensity of the pre-edge
renormalized to one sulfide, and further divided by 2 to obtain
the Fe-S covalency per sulfide per iron. Therefore, the transition
moment integral, calculated using 52.5% for covalency and 1.15
for the D0 value, was determined to be 6.54, which is lower
than that of the thiolate by 18%.

Determination of Covalency of the Rieske Cluster. The
covalency value reported in Table 3 for the reduced cluster
represents the sulfide covalency to the ferric iron site since in
the reduced cluster, the sulfide contributions to the ferrous site
are obscured by the rising edge. However, the covalency
reported for the oxidized protein represents theaVeragecova-
lency per sulfide per iron, meaning that a bridging sulfide has
a total covalency of 71% times 2, or 142%. Since the S K-edge
data of the reduced site represent contributions only from the
Fe(III) site (i.e., the ferric site containing terminal thiolate and
bridging sulfide ligation), a subtraction of the reduced spectrum
from the oxidized spectrum should reveal differences in the
covalency of the respective sites, on the basis of the assumption
that the electronic structure of the ferric site in the reduced
protein does not change significantly upon the oxidation of the
adjacent Fe center. This difference spectrum, shown in the inset
of Figure 6, was fit independently, but with peaks and criteria
similar to those of other fits in this study, and reveals that the

sulfide covalency to the iron site of the oxidized Rieske cluster
containing terminal histidine ligation is∼80%. Subtraction of
this value from the total sulfide covalency in the oxidized Rieske
cluster (142%) results in a covalency of 62% to the Fe3+ site
containing the terminal cysteines. This indicates a small
covalency reduction from 67% to 62% by oxidation of the
Rieske cluster.

Discussion

Calibration of Iron -Sulfide Covalency. Previously, iron-
thiolate covalency has been calibrated from XAS pre-edge
studies. In this study, iron-sulfide covalency has been quantified
using the PES data of the bis-µ2-sulfide-bridged infinite chain
compound, KFeS2, which is isostructural to CsFeS2.41 On the
basis of previous studies,42 it was shown that quantification of
the valence band region of variable photon energy PES spectra
provides information about metal-ligand bonding and cova-
lency. On the basis of the valence band PES spectrum of
[FeCl4]-, and also including the recent XAS study in which
the chloride-Fe covalency of this complex was determined,
values forT and∆ were obtained (eqs 6, 9, 11, and 12). Using
electronic absorption spectroscopy, comparisons were made
between the lowest energy charge-transfer transitions of the
chloride and sulfide complexes to obtain a value of∆ for the
KFeS2. Finally, the value of covalency based on the experi-
mentally derived values forQ, ∆, andT was determined. This
is the first study in which sulfur K-edge X-ray absorption
spectroscopy has been used for understanding metal-ligand
covalency in bridging sulfide bonds.

Having determined the covalency for sulfide, and using the
thiolate covalency for Pc, the relative transition moment integrals
were experimentally obtained for a pure 1sf 3p transition for
a sulfide and thiolate, respectively. It was found that the intensity
for a thiolate transition is larger than that for a sulfide, 8.05
versus 6.54, respectively. The reduction observed in the transi-
tion moment integral of∼18% is expected in going from RS-

to S2-. This difference is most likely due to differences in
effective nuclear charge on the sulfur centers. Because the
valence orbitals are more affected than core orbitals due to
changes in effective nuclear charge, the transition moment
integral is most affected by the 3p orbitals. In the case of S2-

relative to RS-, there is more electron density, and therefore,
the effective nuclear charge for the 3p electrons should be lower
in S2-. The expressions of Slater and Clementi43 show that
indeed the effective nuclear charge felt by the 3p electrons of
S2- is lower than that of SR-, leading to less orbital contraction
and reduced overlap with the localized 1s orbital in the transition
moment integral.

Even though the transition moment integral is lower for the
sulfide compared to the thiolate, the calculated covalency is
higher. If the thiolate peak of the monomeric [Et4N][Fe(S2-o-
xyl)2] complex is compared with the sulfide peak of the CsFeS2

complex (Figure 8), it is found that the sulfide peak is more
intense. Calculation of the covalencies reveals that for [Et4N]-
[Fe(S2-o-xyl)2] the average thiolate covalency for one iron-
thiolate bond is∼43%, while in CsFeS2, the average sulfide
covalency for one iron-sulfide bond is∼52%. Considering
calculations by Noodleman et al.,44,45it appears that the increase
in sulfide covalency is associated with an increasedπ interaction

(39) Deaton, J. C.; Gebhard, M. S.; Solomon, E. I.Inorg. Chem.1989,
28, 877-889.

(40) Taft, C. A.; De Paoli, M. A.Chem. Phys. Lett.1979, 68, 94-96.

(41) Bronger, V. W.Z. Anorg. Allg. Chem.1968, 359, 225-233.
(42) Didziulis, S. V.; Cohen, S. L.; Gerwirth, A. A.; Solomon, E. I.J.

Am. Chem. Soc.1988, 110, 250-268.
(43) Karplus, M.; Porter, R. N.Atoms and Molecules; W. A. Benjamin:

Menlo Park, CA, 1970.
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in sulfide versus thiolate. This is consistent with the position
of S2- within the spectrochemical series. The lower 10Dq results
from the fact that S2- is a betterπ donor. This difference inπ
covalency of sulfide versus thiolate is best considered in the
dimeric complexes since the d-orbital splittings are fixed. This
will be discussed in the next section.

Comparison of Thiolate and Sulfide Covalency within the
2Fe-2S Models. From Table 3, the thiolate covalency of the
fully oxidized 2Fe-2S models decreases per ligand-metal bond
relative to the monomeric Fe-S model (∼25-33% versus
∼43%). In contrast, sulfide covalency increases in the [Fe2S2Cl4]2-

complex relative to the infinite chain CsFeS2 complex, which
has all of its sulfurs bridging between two irons. These two
observations lead to the conclusion that the bridging sulfide is
more covalent, donating more of its charge to the metal center
than terminal thiolate. As suggested in the previous section, the
difference in sulfide versus thiolate covalency is most likely
due to the greater e(π) donation in the sulfide-metal bond. This
can be experimentally evaluated from a comparison of the peak
widths of the sulfide pre-edge peak in [Fe2S2Cl4]2- versus the
thiolate pre-edge peak in [Fe2Se2(SPh)4]2- (Figure 9). To
compare the thiolate pre-edge peak with the sulfide pre-edge
peak, theoretical fits of the [Fe2S2Cl4]2- sulfide pre-edge peak
and the thiolate pre-edge peak of [Fe2Se2(SPh)4]2- were
performed on the basis of calculated d-orbital splitting44,45scaled
down for final state effects and are shown in Figure 9. In these
fits, energy splitting and relative intensities were fixed on the
basis of the calculations. These fits gave good results compared
to the data. It is observed from these fits that inclusion of the
lowest-energy peak with significant intensity, which represents
π covalency in one of the orbitals of theTd e set, in the
[Fe2S2Cl4]2- but not in [Fe2Se2(SPh)4]2- pre-edge fit, is neces-
sary to reproduce the experimentally observed difference in the
peak widths. Thus, the bridging sulfide ligand has a significant
π donor interaction with the iron in contrast to the terminal
thiolate ligand.

Comparison of the total covalencies for the monomer with
four thiolate sites versus the infinite chain complex with four
sulfide sites, 172% thiolate (43%× 4) versus 210% sulfide
(52.5%× 4), respectively, shows that the sulfide complex is
more covalent (Table 3). When the total sulfide and total thiolate
contributions to covalency in the oxidized dimer model contain-
ing both bridging sulfide and terminal thiolate, (i.e., [Et4N]2-

[Fe2S2(SPh)4]) are summed, the final total sulfur covalency over
the d-orbitals is∼204%, which is more covalent than an iron
tetrathiolate monomer, but less covalent than an iron tetrasulfide
complex. By comparing the individual contributions to cova-
lency, of which the total sulfide covalency is∼144% while the
terminal thiolate covalency is∼60%, and the thiolate covalency
is less than half the value of the iron tetrathiolate complex, it is
concluded that the sulfide contributes more electron donation
to the iron site than the thiolate. This is consistent with the trend
observed between [Fe2S2Cl4]2- and CsFeS2. Since the [Fe2S2Cl4]2-

complex has terminal chlorides instead of all bridging sulfides,
the sulfides are expected to be more covalent than the sulfides
in CsFeS2. This is because the sulfides are better donors than
chlorides, and the smaller charge donation of the chloride to
the metal is compensated by the bridging sulfides. Indeed, the
sulfide covalency per one sulfide per one iron in [Fe2S2Cl4]2-

is ∼65% versus∼52% sulfide in CsFeS2.
In addition, the energies of the edge and pre-edge features

are consistent with this covalency comparison. Since CsFeS2 is
less covalent per sulfide-iron bond, the sulfide donates less of
its charge to the metal center, resulting in the sulfide core 1s
being at lower binding energy. This results in a lower energy
edge transition. The energy of the edge feature of CsFeS2 is
∼0.4 eV lower than that of [Fe2S2Cl4]2- (Table 2), whereas
the pre-edge feature of CsFeS2 is ∼0.5 eV higher than that of
[Fe2S2Cl4]2-, which is consistent with the higher total covalency
of CsFeS2. The higher covalency results in a lower effective
nuclear charge on the metal center, which raises the energy of
the d-manifold, and therefore the pre-edge feature is observed
at higher energy. Since the edge peak shifted∼0.4 eV to lower

(44) Li, J.; Noodleman, L. InSpectroscopic Methods in Bioinorganic
Chemistry; Solomon, E. I., Hodgson, K. O., Eds.; American Chemical
Society: Washington, DC, 1998; pp 179-195.

(45) (a) Li, J.; Nelson, M. R.; Peng, C. Y.; Bashford, D.; Noodleman,
L. J. Phys. Chem. A1998, 102, 6311-6324. (b) Li, J., Noodleman, L.
Personal communication.

Figure 8. S K-edge spectra of CsFeS2 (s) and [Et4N][Fe(S2-o-xyl)2]
(‚‚‚).

Figure 9. Theoretical fits (---) and experimental spectra (s) of (a)
[Et4N]2[Fe2Se2(SPh)4] and(b) [Et4N]2[Fe2S2Cl4]. From ref 45 the energy
splittings of the d-orbitals are 0.24, 0.47, 0.69, and 0.80 eV, which
have been scaled by 0.8 for final state effects. Relative intensities of
the peaks are fixed on the basis of the calculations. Note that the sulfide
contributes to all five transitions whereas thiolate only contributes to
four transitions at higher energy.45 The experimental peak widths
(HWHM ) 0.55 eV for [Et4N]2[Fe2Se2(SPh)4] and HWHM ) 0.60 eV
for [Et4N]2[Fe2S2Cl4]) support the differences in the number of peaks
required by the calculations. In (b) the sum of the four higher energy
peak is also included (-‚-), demonstrating the poor quality of the fit
without the low-energy peak contribution.
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energy, the overall d-manifold shift is∼0.9 eV, corresponding
to a covalency increase of 60% per iron.

Chemical Trends Observed within the 2Fe-2S Model
System. All the binuclear ferric models in Figure 2 display
similar broad pre-edge features. Focusing specifically on the
comparison of [Et4N]2[Fe2S2(SPh)4] with [Me3NCH2Ph]2[Fe2S2-
(SEt)4], the edge feature of the latter has shifted to lower energy.
This shift is also present in the pre-edge transition. The well-
resolved higher energy peak at∼2470.7 eV in [Et4N]2[Fe2S2-
(SPh)4] shifts to lower energy in [Me3NCH2Ph]2[Fe2S2(SEt)4].
While this energy shift in the pre-edge feature is consistent with
the shift of the edge feature, on the basis of the pKa values of
EtSH versus PhSH, it might be expected that the opposite effect
would be observed. The pKa value for EtSH is 10.6146 while
that for PhSH is 6.43.47 Typically, increased basicity (higher
pKa) corresponds to increased nucleophilicity (i.e., stronger
donor interaction). The opposite experimental trend is likely
due to the fact that the pKa values are determined by the H 1s
orbital interaction with one of the orbitals on the sulfur. When
the sulfur is bound to the metal center, two 3p orbitals on the
sulfur as well as all of the d-orbitals on the metal can participate
in metal-ligand π-bonding, and this affects charge donation.

The correlation between the total covalency of the complexes
and the reduction potentials can now be investigated. Since both
thiolate and sulfide covalencies have been determined in the
case of [Fe2S2(SPh)4]2-, [Fe2S2(S2-o-xyl)2]2-, and [Fe2S2(SEt)4]2-,
the total ligand covalency is defined. Also, in the case of
[Fe2S2Cl4]2- both the S K- and the Cl K-edge spectra have been
obtained and their pre-edge features have been quantified.
Therefore, the total covalency of [Fe2S2Cl4]2- is also determined.
The total ligand covalencies of the [Fe2S2(S2-o-xyl)2]2-,
[Fe2S2(SEt)4]2-, [Fe2S2(SPh)4]2-, and [Fe2S2Cl4]2- are 266, 206,
204, and 156%, respectively. Their corresponding reduction
potentials are-1.49,1 -1.31,1 -1.09,21 and-0.8248 mV versus
SCE, respectively. It is observed that there is a correlation
between total ligand covalency and reduction potential, where
a decrease in covalency corresponds to an increase in reduction
potential. This is consistent with the idea that increased ligand-
metal covalency stabilizes the oxidized site, lowers the effective
nuclear charge of the metal, and lowers the reduction potential
of the complex.

The effects that changing the terminal and bridging ligands
have on covalency are now considered. While the terminal
chloride covalency is less than that of the terminal thiolate, the
sulfide covalency in [Fe2S2Cl4]2- is similar to that of
[Fe2S2(SR)4]2-, indicating that the nature of the terminal ligand
does not significantly affect the bridging sulfide covalency. In
addition, terminal thiolate covalency is not affected by changing
the bridging ligation from sulfides to selenides; i.e., the terminal
iron-thiolate covalencies for [Fe2S2(SPh)4]2- and [Fe2Se2-
(SPh)4]2- are similar (Table 3).57Fe Mössbauer data show that
there is no significant difference for the iron in the selenide-
versus sulfide-bridged complexes.49-51 Although the Fe-Se

bond is longer than the Fe-S bond, the Se orbitals are more
diffuse and closer in energy to the iron d-orbitals, and these
two effects compensate. The similarity between the additive
spectrum of [Fe2S2Cl4]2- plus [Fe2Se2(SPh)4]2- compared to
the spectrum of [Fe2S2(SPh)4]2- (Figure 3b) supports these
observations.

Comparison of the 2Fe-2S Models with the 2Fe-2S
Rieske Cluster. For the reduced Rieske cluster, the covalency
presented in Table 3 represents one Fe(III) center. Comparison
of this value of 67% with those of the other fully oxidized
dimers shows that the sulfide covalency of the Rieske cluster
is lower while the thiolate covalency is comparable with that
of the model complexes. There are two effects that could
potentially cause this reduction in sulfide covalency within the
protein active site. First, since the reduced site contains histidine
ligands which are poorer donors, the bridging sulfides could
be donating more charge to the iron center. This cannot be
evaluated since the pre-edge intensity of a sulfur bound to a
ferrous site is at a higher energy and overlaps the rising-edge
feature. Also, as noted in our previous study of rubredoxin
systems,15 the experimentally determined H-bonds with the
bridging sulfides present in the Rieske cluster18 but not the
models can cause the iron-sulfur covalency to decrease. One
might expect that the intensity of the thiolate peak would also
decrease in the protein. However, thiolate covalency is very
similar between the protein and the models. There are only three
hydrogen bonds to the terminal thiolates, and two of these bonds
are quite long and would not significantly change the charge
on the sulfur.18 Also, since sulfide covalency decreases, the
thiolate covalency could increase somewhat to compensate for
the reduced sulfide covalency and therefore counteract the
possible effects of H-bonds.

Investigation of the oxidized site of the Rieske protein
reinforces the conclusions drawn from the data of the reduced
Rieske protein. Again, in this case, independent fits to the data
reveal that the thiolate covalency is essentially the same in the
oxidized versus the reduced protein as well as the model
complexes. On the basis of independent fits, the sulfide
covalency in the oxidized protein is asymmetrically distributed
over the two ferric iron sites. The Fe3+ site containing terminal
histidines possesses∼18% more covalency (80% vs 62%) per
bridging sulfide. This trend is expected because histidines are
poorer donor ligands and the sulfide will donate more charge
to this iron center. Additionally, the reduced donor interaction
of the histidine ligands is expected to raise the effective nuclear
charge on the Rieske center. This is consistent with the high
reduction potential of the Rieske cluster, and reinforces the idea
that the weak donor interaction of the histidine significantly
contributes to this increase in reduction potential.

Ligand K-edge spectroscopy provides a direct experimental
probe of covalency in open-shell metal ions. We have used S
K-edge spectroscopy to investigate total sulfur covalency in the
2Fe-2S sites of model complexes. Previous studies focused
on iron-thiolate bonding, which represents only one type of
sulfur present in the 2Fe-2S systems. Therefore, a standard
for covalency in an iron-inorganic sulfide bond has been
established in this study. Importantly, it is observed that the
sulfide can be distinguished from the thiolate pre-edge due to
differences in effective nuclear charge. The analysis of both
iron-thiolate and iron-sulfide bonding in the model complexes
has been developed and then applied to the binuclear site in
the Rieske protein. It has been determined that the covalency
of the iron-sulfide bond is greater in the iron site of the protein
that also contains terminal histidine ligation in contrast to

(46) Danehy, J. P.; Parameswaran, K. N.J. Chem. Eng. Data1968, 13,
386-389.

(47) Jencks, W. P.; Salvesen, K.J. Am. Chem. Soc.1971, 93, 4433-
4436.

(48) Wong, G. B.; Bobrik, M. A.; Holm, R. H.Inorg. Chem.1978, 17,
578-584.

(49) Zhou, C.; Holm, R. H.Inorg. Chem.1997, 36, 4066-4077.
(50) Yu, S.-B.; Papefthymiou, G. C.; Holm, R. H.Inorg. Chem.1991,

30, 3476-3485.
(51) Meyer, J.; Moulis, J. M.; Gaillard, J.; Lutz, M.AdV. Inorg. Chem.

1992, 38, 73-115.
(52) Mayerle, J. J.; Denmark, S. E.; DePamphilis, B. V.; Ibers, J. A.;

Holm, R. H.J. Am. Chem. Soc.1973, 97, 1032-1045.
(53) Cai, J.; Cheng, C.Jiegou Huaxue1985, 4, 199-202.
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terminal thiolate ligation. This illustrates the fact that histidine
is a less strong donor than thiolate. This is the first application
of S K-edge methodology for the evaluation of covalency in
2Fe-2S iron-sulfur complexes and proteins. This study also
provides the basis for quantifying both sulfide and thiolate
covalency in the 3Fe-4S and 4Fe-4S systems, which will
provide insight into the differences in electronic structure
between the 2Fe, 3Fe, and 4Fe sites, attributed to differences
in superexchange pathways and electron delocalization.
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