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ABSTRACT: The stability and reactivity of iron−sulfur clusters
are fundamental properties for the biological function of these
prosthetic groups. Here, we investigate the ferric−thiolate bond
dissociation of model iron−sulfur tetrahedral complexes with high-
level ab initio multiconfigurational electronic structure calculations.
We find that the reaction mechanism is homolytic with a spin-
crossing from the sextet state in the reactant to quartet state in the
product. We also compare several density functionals and
semiempirical configuration interaction with the high-level ab initio
results to find an accurate but computationally more efficient
method to describe the reaction. The functionals M06 and those
based on the OPTX exchange functional show the best perform-
ance and may reasonably describe the various electron correlation
effects involved in ferric−thiolate bond dissociation.

1. INTRODUCTION

Iron under various oxidation states is commonly found in
biomolecules tetrahedrally coordinated to thiolate or inorganic
sulfide ligands. These iron−sulfur clusters are involved in many
complex and essential biochemical processes that depend on
redox reactions,1−3 such as photosynthesis, cellular respiration,
and signaling.
Recently,4−6 atomic force microscopy (AFM) and molecular

modeling with quantum chemical calculations were used
together to probe the stability and reactivity of ferric−thiolate
bonds in a simple iron−sulfur protein, rubredoxin. This protein
contains one iron center coordinated by the side-chains of four
cysteines.7 Our aims in the study presented here are to
investigate the intrinsic properties of ferric−thiolate bond
dissociation, free from protein or solvent interactions, and to
find a good balance between accuracy and efficiency in its
description by comparing several different electronic structure
methods.
Modeling ferric−thiolate dissociation by quantum chemical

methods is a difficult problem. The multiplet structure of iron
(d5 in the ferric redox state) and its spin manifold, as well as the
bond-breaking process, result in near-degenerate electronic
configurations that should, in principle, be described by
multiconfigurational methods.8 One approach that has been
able to correctly describe near-degenerate effects in transition-
metal compounds is the complete active space (CAS) self-
consistent field (SCF) method,9 especially when some dynamic
electron correlation is also perturbatively recovered, as in its

CASPT210 variant. This method has been successfully applied
in a number of studies of iron complexes.11−14

Density functional theory (DFT)15 has been used extensively
to calculate the electronic structure of transition-metal
compounds.16 Given the approximate nature of the available
exchange-correlation functionals it is not evident whether the
aforementioned electron correlation effects, nondynamic from
near-degeneracies and dynamic from Coulomb interactions, are
included in a balanced way. As a result, the performance of
several functionals has been tested for different iron
complexes.14,16−27

It was recognized early that the inclusion of Hartree−Fock
(HF) exchange into hybrid DFT functionals increases the
relative stability of configurations with unpaired electrons.17

Consequently, the energy splittings between different spin
states of iron−sulfur complexes could be tuned by optimizing
the amount of exact exchange added in, for example, the B3LYP
functional.17 It was also shown that the addition of exact
exchange underestimates metal−ligand bond energies and that
pure-GGA (generalized gradient approximation) functionals
overestimate them.19 A comparison of several metal−ligand
diatomics and models of metalloprotein active-sites containing
iron centers20 suggested that a good balance could be obtained
with the TPSSh functional.28 Another comparison that included
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ferrous and ferric complexes with tetrahedral coordination14,18

suggested that functionals such as OLYP and OPBE, based on
Handy and Cohen’s OPTX pure-GGA exchange functional,29

are the most computationally cost-effective in describing iron
compounds.
Here we investigate ferric−thiolate bond dissociation in the

following two isolated model reactions

⇌ +− −Fe(SH) Fe(SH) HS4 3 (1)

⇌ +− −Fe(SCH ) Fe(SCH ) H CS3 4 3 3 3 (2)

using several DFT functionals and multiconfigurational ab initio
(CASPT2) and semiempirical30 methods. Details of the
reaction mechanisms, spin states and densities, electronic
configurations, and relative energetics are given in the following
sections. These results are used to help identify an accurate and
efficient treatment of the dissociation reaction.

2. COMPUTATIONAL METHODS

Molecular geometries for species along reactions 1 and 2 were
optimized at the DFT level with the B3LYP functional31,32 and
the 6-31+G(2df,p)33 basis set for all possible electronic spin
states (S = 0.5, 1.5, and 2.5). Spin-polarized orbitals were
adopted. Optimizations conducted with the TZVP basis set34

resulted in equivalent structures. Ferric−thiolate bond dis-
sociation was obtained by optimizing the geometry with the
dissociative Fe−S distance fixed at a given value. The
GAUSSIAN 09 program (rev. A1)35 was used for geometry
optimizations. It should be noted that the calculated Fe−S
bond length for the reactant ground state (2.32 Å) is in good
agreement with the experimental bond lengths observed in
crystallographic structures of proteins that contain tetrahedral
Fe−S centers. As an example, in rubredoxin (PDB ID 8RXN),
the bond lengths are in the range of 2.27−2.30 Å.
A minimum-energy crossing point (MECP) between sextet

and quartet electronic states was optimized with the pDynamo
library36 as described previously5 with the B3LYP functional
and the TZVP basis set.
Single-point DFT energies for geometries corresponding to

the CASPT2 low-energy pathway described below were
obtained with the ORCA program version 3.0.137 and the
following functionals: OLYP, O3LYP,29,32 OPBE,29,38 PBE0,39

BLYP,32,40 B3LYP, B3LYP-D3, BP86,40,41 TPSS, TPSSh,28

M06,42 and B2PLYP.43 Spin-polarized orbitals and standard
integration grids were adopted. The Def2-TZVP basis set44 and
resolution of identity with the TZV/J45 auxiliary basis were

used. A second-order SCF optimization had to be activated to
obtain convergence in several cases.
Although the Fe(SH)4

− ground state (reactant in sextet
electronic spin) belongs to the S4 molecular point group, the
tetrahedral symmetry around the iron center is broken in all
other geometries studied here. Thus, all calculations were
carried out in the C1 point-group symmetry.
Single-point multiconfigurational calculations were carried

out with the geometries optimized by DFT along the ferric−
thiolate bond dissociation. The active space was not built using
an analysis of the corresponding irreducible representations
(irreps) and symmetry adapted linear combinations of ligand
molecular orbitals. Instead, it was chosen with five molecular
orbitals for the metal 3d open-shell, as these are necessary to
describe the near-degenerate configurations arising from the
ferric ion multiplet structure, and two extra pairs of correlating
molecular orbitals (MOs) describing the bond dissociation
process. This active space contained nine electrons in nine
orbitals. Similar choices, such as seven electrons in seven MOs,
were also tried and yielded equivalent results. The double-shell
effect11 was tested for the ferric ion complexes studied here
with an active space of nine electrons in fourteen orbitals and
found to be negligible (Table S3).
All multiconfigurational CASSCF and CASPT28,10 calcu-

lations were performed with the MOLCAS program, version
7.4.46 The ANO-RCC basis-set47 with contractions Fe-
[7s6p5d2f1g], S[6s5p3d2f], and H[3s2p1d] was employed as
this was shown to be appropriate in previous benchmark
calculations for iron compounds.12 CASSCF orbitals were
optimized for the average of the first three roots with equal
weights. Scalar relativistic effects were included using a
Douglas−Kroll−Hess Hamiltonian. In all CASPT2 calculations
the core electrons were frozen (26 frozen MOs), and only the
valence space was correlated. The standard IPEA shift of 0.25
au and an extra denominator shift of 0.3 au were used to avoid
intruder states.10,48

To test if semiempirical potentials could be used to model
ferric−thiolate bond dissociation, the performance of the
modern PM6 parametrization30 that contains d-orbitals in its
minimal basis set was investigated with complete active space
configuration interaction (CASCI) calculations.8 Several active
spaces were tested for these semiempirical calculations, and the
best results were obtained with seven electrons in seven MOs
space. Orbitals were determined from restricted-open shell
(ROHF) calculations with fractional occupation.49,50

The performance of the original PM6 parametrization was
very poor (see Results and Discussion); therefore, a specific

Figure 1. Relative energy profiles for ferric−thiolate bond dissociation obtained at the DFT level. Calculations were carried out at the B3LYP/6-
31+G(2df,p) level in the quartet (dashed line) and sextet (solid line) spin states for Fe(SH)4

− (left panel) and Fe(SCH3)4
− (right panel). The inset

shows the spin density over the dissociating sulfur atom (S1) for the sextet state.
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reparametrization for iron was carried out. CASPT2 energies
reported here for Fe−S bond dissociation, iron atomic
multiplet and ionization energies taken from spectroscopical
data,51 and DFT energies for different Fe(SH)4

− and
Fe(SCH3)4

− geometries (not shown) were used as target or
reference properties. Optimized parameters are given in the
Supporting Information (Table S1). Full details of the
reparametrization procedure are not relevant for the con-
clusions drawn here and will be given in a future publication.
All semiempirical calculations were done with the pDynamo
library.36

3. RESULTS AND DISCUSSION
3.1. Energy Profiles for Bond Dissociation. Our

calculation results for reaction 1 show the ground-state reactant
is a sextet spin state and has a tetrahedral geometry belonging
to the S4 point group. The quartet and doublet reactants have
distorted tetrahedral coordination around the iron center with
overall C2 symmetry. All other geometries along the Fe−S
dissociation belong to the C1 point group.
The DFT energy profiles shown in Figure 1 for both

Fe(SH)4
− and Fe(SCH3)4

− dissociation have several note-
worthy features. First, the quartet reactant lies 20 kJ/mol higher
in energy than the sextet reactant. However, the lowest-energy
product of bond dissociation is a quartet. Thus, there is a spin
crossing along the reaction. A minimum-energy crossing point
was optimized at a ferric−thiolate bond distance d(Fe−S) ≈ 3.7
Å. Products in all spin states are ion−molecule complexes with
small (<4 kJ/mol) recombination barriers. Also, the quartet
transition-state region is reached before the MECP, whereas the
sextet transition-state region is reached after the MECP. The
doublet state energy profile is not shown nor discussed in detail
here as all doublet stationary geometries along ferric−thiolate
bond dissociation lie at least 90 kJ/mol higher than the other
spin states.
The ferric−thiolate bond dissociation mechanism can be

deduced from the DFT profiles. Although the reactants have a
formally ferric center, both sextet and quartet products have a
ferrous center with a dissociated thiolate radical. To illustrate
this, the inset in Figure 1 shows that the spin density in the
dissociative sulfur atom (S1) changes rather smoothly from 0 to
1 during Fe−S bond dissociation. As a result, Fe−S bond
dissociation in both sextet and quartet spin states is homolytic.5

The energetics, iron coordination, and Fe−S bond distances
of stationary points are very similar between the Fe(SH)4

− and
Fe(SCH3)4

− dissociation profiles. Thus, the conclusions drawn
below for Fe(SH)4

− should be equally valid for Fe(SCH3)4
−

when comparing the different CASPT2, DFT, and semi-
empirical methods. The only caveat concerns the product
region as different d(Fe−S) distances are observed because of
the bulkier methyl groups in Fe(SCH3)4

− (Figure 1). A related
observation should also be made for the products of ferric−
thiolate bond cleavage in Fe(SH)4

− optimized with the OPBE
and TPSSh functionals (data not shown). For these two
functionals, the products resulted in H2S instead of HS

−, as this
leaving group removes a proton from another thiol group at
d(Fe−S) > 4 Å.
The multiconfigurational CASPT2 energy profile for Fe-

(SH)4
− dissociation is shown in Figure 2. The energies and

structures reported in this figure correspond to the CASPT2
minimum-energy pathway for ferric−thiolate bond dissociation
with DFT optimized geometries. These six structures, along
with the doublet product and reactant structures (not shown in

the figure), will be termed in what follows as reactants (R),
transition state (TS), MECP, and products (P), together with
their respective total spin electronic state, which can have
doublet (2), quartet (4), and sextet (6) multiplicities.
The reaction coordinates of the low-energy species along the

CASPT2 minimum-energy pathway are similar to those found
with DFT. However, we were unable to identify a 6TS with the
CASPT2 single-point calculations because of the rather flat
transition region observed in the DFT profile [d(Fe−S) > 4 Å
in the left panel of Figure 1]. The relative energies for the
quartet and sextet profiles found with CASPT2 differ at most
by 20 kJ/mol from those obtained with B3LYP for all species
except the MECP (Table S2). This is the accuracy (∼20 kJ/
mol) often expected of hybrid functionals in isodesmic
processes involving metals, such as heterolytic bond dissocia-
tions.19 However, at the crossing point, the difference in relative
energy between the B3LYP and CASPT2 energy profiles is
higher (50 kJ/mol), which can be partially attributed to a
structural relaxation energy not included in our CASPT2 single-
point calculations. Although the 6MECP and 4MECP CASPT2
energies differ by less than 4 kJ/mol, indicating that they might
be near a surface crossing, the structure still could be far from
the true minimum-energy crossing of the CASPT2 energy
surfaces. Further comparisons between the multiconfigurational
results and several DFT functionals will be given in the next
section.
A homolytic reaction mechanism with a spin crossing along

the dissociation is also observed in the CASPT2 results. The
reactant is in a sextet state, and the most stable product is in the
quartet state containing a partial thiolate radical and a ferrous
center. However, instead of changing smoothly as in the
monoconfigurational DFT calculations (inset in Figure 1),
CASSCF spin-densities change abruptly during dissociation as a
consequence of hopping between surfaces with different
electronic configurations. As shown in Table 1 for the reactant
states, almost no spin density is seen on sulfur atoms and the
spin density on the iron atom equates to the expected number
of unpaired electrons in the spin state. For the MECP, spin
densities correspond to different electronic configurations, and
spin unpairing is already evident on the dissociating sulfur atom
(S1). In fact, the crossing between the sextet and quartet spin
states is equivalent to a spin flipping over this sulfur atom.
Electronic configurations and, consequently, spin densities are
similar between the MECP and product states for both sextet
and quartet spin states.

Figure 2. Relative energy profiles for Fe(SH)4
− ferric−thiolate bond

dissociation obtained at the CASPT2 level. Calculations were carried
out with the ANO-RCC basis set for the quartet (dashed line) and
sextet (solid line) spin states. Structures are shown in ball−stick
representation with iron in crossed lines and sulfur in diagonal lines.
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In the calculations for 6R employing spatially restricted
orbitals (ROHF and CASSCF), we observe a typical molecular
orbital ordering equivalent to what is usually expected from d5

metal centers with tetrahedral coordination.52 The valence
orbitals of the sulfur ligand combine into nonbonding MOs
belonging approximately to the T1 irrep in the Td local
symmetry around the iron center and into bonding MOs
belonging to irreps A1, E, and T2. The five unpaired electrons of
the metal are distributed in e2 t2

3-like orbitals, with contributions
of about 5−10% weight from ligand orbitals from irreps E and
T2. For the other geometries along the reaction pathway, the
local symmetry around the iron center is distorted and it is
more difficult to label the symmetry of the MOs. The ferric−
thiolate bond that is broken upon dissociation has a σ
character.3 All the occupied bonding and nonbonding ligand
orbitals lie lower in energy than the metal d-shell. This is in
contrast to the orbital ordering observed in our DFT
unrestricted calculations in which an inverted level-scheme is
found due to strong spin polarization of the MOs. The MO
ordering in the inverted-level scheme shows the metal d-shell
below the ligand bonding and nonbonding MOs. This has also
been observed in similar iron−sulfur compounds and
extensively discussed by Noodleman et al.,53−55 Solomon et
al.,56 and more recently by Ichiye and co-workers.22,57

Wave functions for all species in the sextet state show a single
configuration with more than 98% of the weight in the CI
expansion. The other two reactant states, 4R and 2R, are
dominated by a single configuration with ≈80% weight in the
CI expansion, and the remaining configurations account for
different occupations of the metal d-shell. All other quartet and
doublet species have large mixtures of configurations without
any surpassing 20% weight. These results suggest that
monoconfigurational electronic structure methods may be
able to describe the bond-breaking process properly in only
the sextet state.
3.2. Comparison with DFT Functionals and Semi-

empirical Methods. To test the performance of more
approximate electronic structure methods in the description
of ferric−thiolate bond dissociation, we compared the CASPT2
relative energies with a series of DFT functionals and
semiempirical methods. Table 2 shows the deviations and
maximum errors obtained, and Table S2 in the Supporting
Information gives the relative energy values. We note that the
estimated accuracy of CASPT2 to describe spin-splittings is
∼12 kJ/mol.12,14

An analysis of the data shows that the best performing
functional is the M06 hybrid meta-GGA, followed by the
simpler OLYP pure-GGA functional, although with a much
larger maximum error. The doublet states have the highest
relative energies and give the maximum errors for all functionals
except B2PLYP and M06. The OLYP functional is followed
closely by OPBE and O3LYP, suggesting that Handy and
Cohen’s OPTX exchange functional29 is the most appropriate
to describe Fe−S bond dissociation. This exchange functional
includes some nondynamic electron correlation effects (named
“left−right correlation”)29 that contribute to the correct
description of homolytic bond dissociation. On the other
hand, Becke’s one-parameter exchange functional,40 used in
BLYP and BP86, performs significantly worse. This is because it
stays closer to the uniform electron gas assumption (the Dirac
coefficient is not scaled)29 and does not include such left−right
nondynamic correlation effects.
Apart from the highly parametrized M06, meta-GGA

functionals, such as TPSS, do not perform particularly well.
Inclusion of Hartree−Fock exchange does not markedly
improve the results for TPSSh in comparison to TPSS. By
contrast, hybrid functionals, such as B3LYP and PBE0, do show
lower errors, especially for energy splittings between different
spin states. It should be noted that the pure GGA functionals
not based on the OPTX exchange functional, such as BLYP,
BP86, and TPSS, give a qualitatively wrong description of the
spin splitting, as 4R is more stable than 6R (Table S2). Mixing
some exact exchange with the OPTX functional as in O3LYP
does not improve the spin splittings in comparison to the pure-
GGA OLYP. The double-hybrid functional B2PLYP does not
perform significantly better, suggesting that the inclusion of
dynamic correlation effects via an MP2 contribution is not
important for the description of ferric−thiolate bond
dissociation. Finally, inclusion of dispersion corrections as in
the B3LYP-D3 functional does not change the relative energies,
in comparison to the B3LYP functional.

Table 1. Mulliken Spin Populations Calculated from the
CASSCF Wavefunction for Fe and S Atoms in Structures
from Reaction 1a

Fe S1 S2 S3 S4
2R 1.00 −0.03 0.02 −0.02 0.02
2P 1.34 −0.29 −0.01 −0.00 −0.04
4R 3.11 −0.02 −0.03 −0.03 −0.02
4TS 3.50 −0.50 −0.07 0.03 0.03
4MECP 3.52 −0.52 0.03 0.03 −0.05
4P 3.50 −0.53 0.03 0.03 −0.05
6R 4.75 0.06 0.06 0.06 0.06
6MECP 3.91 0.86 0.03 0.03 0.14
6P 3.91 0.84 0.03 0.18 0.02

aThe spin density moduli were less than 0.02 for all hydrogen atoms in
all structures.

Table 2. Comparison of Several DFT Functionals and
Semiempirical Methods with the CASPT2 Referencea

method STDEV MAE

B2PLYP 38.4 108.6
B3LYP 39.9 113.7
B3LYP-D3 38.4 105.2
BLYP 54.2 143.5
BP86 49.2 134.7
M06 17.8 31.8
O3LYP 25.4 83.1
OLYP 19.5 75.0
OPBE 26.9 83.8
PBE0 32.6 92.8
PM6b 79.7 319.7
PM6Rb 25.2 67.5
TPSS 52.8 143.6
TPSSh 46.4 122.5

aStandard deviations (STDEV) and maximum absolute errors (MAE)
of relative energies (in kilojoules per mole) for structures from the
Fe(SH)4 ferric−thiolate bond dissociation pathways. Values obtained
from the relative energies (Table S2) of nine single-point calculations,
corresponding to the six structures shown in Figure 2 (both quartet
and sextet states were calculated for the MECP), 2R and 2P. bPM6 is
the original semiempirical parametrization and PM6R is the
parametrization obtained in this work (Table S1).
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We conclude that the hybrid M06 functional and the
functionals based on Handy and Cohen’s OPTX exchange give
the best results for iron−sulfur bond dissociation. If computa-
tional efficiency is important, then the pure-GGA functionals
OLYP and OPBE are to be preferred.
Given that we are particularly interested in the simulation of

iron−sulfur clusters in complex systems, we wanted to evaluate
methods that are computationally more efficient than CASPT2
and DFT. As an initial choice, we tried the recent semiempirical
Hamiltonian PM630 that contains d-orbitals in its minimal
basis-set and was parametrized for molecules containing iron.
These tests, using unrestricted HF (UHF) and ROHF +
CASCI calculations and the original PM6 Hamiltonian, resulted
in a very poor description of ferric−thiolate bond dissociation
energetics (Table 2 and Table S2, which show the ROHF +
CASCI results only). This poor performance is due to an
incorrect MO ordering, as the orbital formed mainly by the Fe
4s-shell was occupied and lower in energy than the MOs
composed by the Fe 3d open-shell, suggesting an imbalance
between the semiempirical ζs and ζd orbital coefficients. Our
previous experience58 indicates that this imbalance can be
corrected by a specific reparametrization of the iron PM6
parameters. This we did successfully, leading to a para-
metrization that we denote PM6R (Table S1).
ROHF + CASCI calculations with the new PM6R

Hamiltonian perform rather well, with deviations similar to
functionals based on OPTX exchange, but with smaller
maximum errors (Table 2). However, this is not a fair
comparison because the CASPT2 reference energies were
actually used to fit the PM6R parameters. The observed MO
orbital ordering is indeed similar to that obtained for the ab
initio CASSCF wave functions with, in increasing order of
energy, doubly occupied ligand MOs, singly occupied MOs
corresponding to the Fe 3d shell, and an unoccupied Fe 4s
shell. The resulting spin densities are consequently more
accurate and close to those shown in Table 1. However, it
should be noted that UHF calculations with the new
parameters yielded poor results. Thus, although our specifically
parametrized semiempirical Hamiltonian, in conjunction with
CI calculations, can describe the energetics and electronic
configuration of ferric−thiolate bond dissociation rather well,
the transferability and applicability of these new parameters in
other circumstances needs to be further validated.

4. CONCLUSIONS

We have studied ferric−thiolate bond dissociation in the
isolated model iron−sulfur tetrahedral compounds, Fe(SH)4

−

and Fe(SCH3)4
−, using the multiconfigurational wave function

methods, ab initio CASPT2 and semiempirical CASCI, and
several DFT functionals. The reaction proceeds via a homolytic
mechanism with a spin crossing between the sextet and quartet
states. This two-state reactivity is often seen in transition-metal
compounds,59 and so studies of the stability, reactivity, and
biosynthesis of iron−sulfur clusters in proteins need to carefully
account for the different accessible spin states.
The high-level CASPT2 method was used as a reference,

against which the various other electronic structure approaches
were compared. We find that the M06 functional is the best for
describing Fe−S bond dissociation when all possible spin states
are to be considered. Our DFT comparisons are also in
agreement with previous studies14 that highlight the reliability
of the OLYP and OPBE functionals for describing iron

complexes. The B3LYP functional gives satisfactory results, and
it should be fairly dependable for geometry optimizations.
Ferric−thiolate bond dissociation is a difficult problem to

model as it involves different kinds of electron correlation
effects that change unevenly as the reaction progresses. Near-
degenerate nondynamic correlation is important for describing
the multiplet structure of the ferric center and, consequently,
the energy splittings between the various spin states. By
contrast, left−right nondynamic correlation is critical for the
description of homolytic bond dissociation, whereas angular
correlation in the transition metal also needs to be considered
appropriately, given the change in metal coordination from
tetrahedral reactants to trigonal products. As a result, this
reaction constitutes a tough test for electronic structure
methods, in particular for the single-determinant, principally
DFT, approaches tried here.
We conclude by noting that specifically parametrized

semiempirical methods employing d-orbitals and CI calcu-
lations can be used to model the Fe−S dissociation reaction,
but further studies are necessary to evaluate the general
applicability of this approach.
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