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The catalytically active cluster of [FeFe]-hydrogenase (H-
cluster) is unique due to its chemical composition and elec-
tronic and geometric structures. Protein crystallography re-
vealed the presence of biologically unique diatomic ligands
coordinating to the Fe centers and three light atoms bridging
the sulfur atoms of its [2Fe]-subcluster. The identity of the
light atoms remains uncertain, even at close to atomic resolu-
tion (1.39 Å), as well as due to the lack of understanding at
the molecular level of the cluster’s biosynthetic pathway. By
using all of the proposed ligand compositions, we carried out
a comprehensive electronic structure analysis by evaluating
the topology of the electron density and, particularly, the
atomic spin density distribution derived from various popula-
tion analysis methods for the free dithiolate ligands, the bio-
mimetic [2Fe] complexes, and the entire H-cluster embedded
in its approximately 3.5 Å protein environment. In the biomi-
metic model complexes we found substantial spin density de-

Introduction
[FeFe]-hydrogenases catalyze the reversible conversion of

protons and electrons to dihydrogen in biology.[1,2] The
crystal structures of the [FeFe]-hydrogenase from two bac-
teria, Clostridium pasteurianum(CpI)[3–5] and Desulfovibrio
desulfuricans str. Hildenborough (DdH),[6–8] revealed that
the catalytically active Fe-S cluster, named the H-cluster, is
composed of a classical [4Fe-4S]-subcluster connected by
means of a cysteine thiolate ligand to an organometallic
[2Fe]-subcluster. The two iron centers in the [2Fe]-subclus-
ter are coordinated by the terminal carbonyl and cyanide
ligands and are linked together with a bridging carbonyl
and a non-protein dithiolate ligand. The crystal structure
of the [FeFe]-hydrogenase from CpI shows electron density
at the apical coordination position of the distal iron of the
[2Fe]-subcluster relative to the [4Fe-4S]-subcluster, which
was refined as a water molecule. This distal water molecule
was not identified in the [FeFe]-hydrogenase from DdH.
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localization at the bridgehead of the dithiolate ligands. We
attributed the presence of spin density to the through-space
spin polarization interaction between the paramagnetic iron
centers and the bridgehead group, as represented by the ring
critical points for the [Fe–(S–R–S)–Fe] metallacycles. How-
ever, this spin polarization of the bridgehead group vanishes
for some of the biomimetic models, as well as for the 208-
atom computational model of the H-cluster, due to a network
of weak interactions. When the bridgehead group becomes
part of a conduit for transmitting the spin polarization
towards the terminal ends of each interaction network, such
as the distal water or H-bonded residues, the spin density
vanishes. The variations of the Fe atomic spin densities were
compared and contrasted for the proximal and distal iron
sites in the crystallographic and the rotated conformations,
respectively.

This can be rationalized by the different crystallization con-
ditions used for DdH compared to CpI since the hydro-
genase enzyme was in a more reduced state in DdH than in
CpI and it is likely that the distal iron site in DdH is coordi-
nated by a terminal hydride or even a dihydrogen ligand.[8]

One of the last uncertain structural/compositional fea-
tures of the H-cluster is the very nature of the dithiolate
ligand. This question has already been discussed in de-
tail[5,9–11] due to its possible implications for the mechanism
of the proton transfer or dihydrogen uptake/release, as well
as the possible effect on the electronic structure of the cata-
lytic cluster.[12] Initially, this unique ligand of the [2Fe]-
subcluster was described as sulfur atoms that are covalently
connected by three light atoms with an experimental elec-
tron density that corresponds to approximately 10 elec-
trons.[3] In the characterization of the [FeFe]-hydrogenase
from DdH, the ligand was first assigned as propanedithiol-
ate (pdt).[6] Later, this assignment was revised to dithiome-
thylamine (dtma).[7] This was a chemically reasonable as-
signment since the amine group can act as a base for the
proton-transfer into and from the distal iron site. This was
supported by early computational studies that indicated the
plausibility of the secondary amine group being involved in
protonation of the distal iron site.[13,14] Furthermore, a re-
cent biomimetic study, which involved a symmetrical tetra-
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phosphane diiron model with dtma as the bridging ligand,
established the thermodynamic preference of the terminal
versus the bridging hydride to produce dihydrogen by me-
ans of the protonation of the secondary amine group.[15]

Recently, the close to atomic resolution crystal structure
of the [FeFe]-hydrogenase from CpI was evaluated by two
independent computational studies.[5,9] The first approach[5]

used the structure that best fitted the electron density and
evaluated the geometric structures for numerous possible
compositions of the bridgehead (X = CH2, NH, NH2

+, O,
and S as a control). It was found that the oxygen atom gave
the most reasonable structural and energetic agreement
with the close to atomic resolution crystal structure.

A more advanced computational refinement, which used
the actual experimental electron density map,[9] indicated
that the best fit was the NH2

+ group with its spherical elec-
tron density. However, the former study indicated that by
considering a realistic computational model of the entire
H-cluster, which included its approximately 3.5 Å protein
environment, there was a considerable energetic preference
(10–14 kJmol–1) of an inverted bridgehead conformation
relative to the crystallographically observed one. In this
computational model the positively charged ammonium
group points towards the [4Fe-4S]-cluster or the proximal
Fe center of the [2Fe]-subcluster and forms a H-bonding
interaction with the bridging cysteine residue (Cys503 in
CpI). This was in contrast with the crystallographically de-
termined conformation for both CpI and DdH, where the
bridgehead group faces the distal Fe center and thus points
away from the bridging cysteine thiolate or the [4Fe-4S]-
cluster. Moreover, in the inverted conformation, the posi-
tively charged ammonium group would disrupt the bonding
between the two subclusters, shut down the electron trans-
fer from/to the [2Fe]-subcluster, and thus inhibit the cata-
lytic reaction. Despite the differences between the benefits
and the compromises of the above computational ap-
proaches, it is obvious that even the close to atomic resolu-
tion (1.39 Å) of the crystal structure of the [FeFe]-hydro-
genases is not sufficient to distinguish between the subtle
structural differences of the isoelectronic bridgehead
groups. Therefore, the exact composition of the bridgehead
group will most probably be unambiguously revealed by the
elucidation of the biosynthetic molecular mechanism of the
[2Fe]-subcluster.

Recent work by Silakov et al.[10] provided an example of
how electronic structural information that was derived from
advanced EPR measurements can be used to probe the
composition of the dithiolate ligand. Our earlier work also
indicated that the chemical composition of the dithiolate
ligand may play a role in fine tuning the electronic structure
of the H-cluster.[12] The 14N HYSCORE investigation of the
oxidized state of the [FeFe]-hydrogenase from DdH, where
the [2Fe]-subcluster is in the mixed-valence low-spin
[FeIFeII] oxidation state (St = 1/2), indicated the presence
of three unique nitrogen environments with characteristic
nuclear quadruple coupling constants (NQCC). These were
assigned to the NH3

+ group of the Lys237 residue in close
proximity to the distal cyanide ligand, to the nitrogen atom
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of the distal cyanide ligand, and to the bridgehead group
of the dithiolate ligand that was assumed to be dithiomethy-
lamine (dtma). Furthermore, the synthesis of the mixed-val-
ence biomimetic model complex [{μ-(SCH2)2NCH2CH2-
SCH3}(μ-CO)Fe2 (PMe3)2(CO)3] by Erdem et al.[16] allowed
for the analysis of the paramagnetic signature of the sec-
ondary amine group without the interference of other nitro-
gen-containing ligands or residues from the protein envi-
ronment. These measurements showed that the 14N NQCC
and η parameters for a secondary amine bridgehead group
in this [2Fe]-biomimetic model are close to those found for
the oxidized metalloenzyme (Hox).[10]

In this work we carried out systematic investigations of
the electron density topology and, in particular, the specific
amount of atomic spin density localization at the bridge-
head group for the free dithiolate ligand, a series of biomi-
metic [2Fe]-complexes with various ligand environments,
and the entire H-cluster embedded in an approximately
3.5 Å protein environment using density functional theory
(DFT) combined with advanced population analysis meth-
ods. The concept of atomic spin density is of great impor-
tance in coordination chemistry due to its role in the indica-
tion of spin states, effective oxidation states, and, thus, elec-
tron configuration as well as covalent nature of bonding.
The ligand K-edge X-ray absorption spectroscopy (XAS)
[17] can provide direct quantitative values for the atomic spin
densities through the determination of the covalency of the
metal–ligand bonds if the transition dipole moment for a
given core level excitation is known. While this technique
can provide information about the ligand environment of a
transition metal center regardless of its magnetic state, a
serious limitation of N K-edge XAS is the overwhelming
background from the N atoms of the protein matrix. As
discussed above, advanced paramagnetic spectroscopic
techniques, such as electron–nuclear double resonance
(ENDOR) and electron spin echo envelope modulation
(ESEEM), provide another way to get quantitative infor-
mation about the atomic spin densities indirectly from the
metal hyperfine and, preferably, the ligand super-hyperfine
interactions.[18] This technique is, however, limited to para-
magnetic systems. Another direct way of determining the
atomic spin densities is by analyzing the results of the elec-
tronic structure calculations from either the wave function-
based methods (ab initio MO) or the density functional
theory (DFT) calculations. Despite the convenience of
using computational models and methods, the extrapola-
tion of the theoretical atomic spin densities to experimental
paramagnetic spectroscopic signatures is greatly affected by
the nature of the population analysis methods, the selected
levels of theory, the basis sets, the compositions of the den-
sity functionals, and so forth. In this paper we provide a
comprehensive analysis of the effect of population analysis
methods on the topology of the electron density for low-
valent carbonyl and cyanide complexes relevant to the H-
cluster structure and its spin polarization. A follow up
study[19] will evaluate the performance of various density
functionals and basis sets at the sulfur K- and iron L-edges
for a series of [2Fe]-complexes.
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Methods

All of the calculations were performed starting from the
crystal structure coordinates for [Fe2(CO)6(μ-SCH2-
NHCH2S)],[20] [Fe2(CO)6(μ-SCH2OCH2S)],[21] [Fe2(CO)6(μ-
SCH2CH2CH2S)],[22] [Fe2(CO)4(CN)2(μ-SCH2NHCH2S)],[23]

and [Fe2(CO)5{(μ-SCH2)2NCH2CH2SMe}].[24] The one-
electron oxidized free ligands [SCH2NHCH2S]1– (dtma),
[SCH2OCH2S]1– (dtme), and [SCH2CH2CH2S]1– (pdt) were
analyzed using (i) the coordinates of the crystal structure
of the analogous [2Fe]-biomimetic model and (ii) the coor-
dinates that were obtained after the optimization of the ge-
ometry. Throughout the text, relaxed structures correspond
to molecules that have been obtained by the optimization
of the geometry of the crystal structure in the gas phase,
whereas fixed structures correspond to complexes where the
atoms are fixed at their crystallographic positions (single
point calculations). We used the puckering of the dithiolate
ligand and the orientation of the bridgehead group to dis-
tinguish between the proximal and the distal iron sites. In
order to be consistent with the crystallographically detected
dithiolate ligand orientation, the iron site that is closer to
the bridgehead group was considered to be distal and vice
versa. It has been proposed that the Hox state of the H-
cluster contains a [2Fe]-subcluster with an unpaired elec-
tron[25,26] and, thus, each diamagnetic [FeIFeI]-model com-
plex was also evaluated in its oxidized [FeIFeII]-state.

For the paramagnetic, oxidized hexacarbonyl complexes
an additional structure was considered, which was termed
rotated throughout the text, where one of the apical car-
bonyl ligands was rotated into the bridging position and
optimized similarly to the process of Bertini et al.[27] With-
out discussing in detail, we found that at the BP86/TZVP
level the one-electron oxidized mixed-valence [Fe2(CO)6-
(pdt)]1+ and [Fe2(CO)6(dtme)]1+ complexes show global mi-
nima for the rotated or inverted structure, while the one-
electron oxidized [Fe2(CO)6(dtma)]1+ complex shows an
energetic preference (ca. 12 kJ mol–1) for the non-rotated
structure where both terminal CO ligands occupy apical po-
sitions.

Furthermore, the electronic structure calculations were
carried out for the entire [6Fe]-cluster by using a more than
200-atom virtual chemical model of the protein embedded
H-cluster.[5] The atomic coordinates of each of the models
with various dithiolate conformations are given in the Sup-
porting Information. In addition to the four cysteine resi-
dues that connect the [6Fe]-cluster to the protein matrix,
this model contained truncated models of the residues
GLN195, GLY418, TRP303, LYS358, PRO324, GLN325,
PRO301, HIS500, VAL504, THR356, and SER357 (in
CpI). The structural optimizations were performed using
the BP86 functional[28–30] with the SDD basis set[31] and the
electron density was analyzed at the BP86/TZVP level. The
positively charged [4Fe-4S]2+ cubane was merged from two
antiferromagnetically coupled rhombs using the General-
ized Ionic Fragment Approach (GIFA) method.[5,32] The
GIFA method allowed for the convenient construction of
the initial, localized broken symmetry electronic structure

Eur. J. Inorg. Chem. 2011, 2677–2690 © 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 2679

and provided a reproducible method for the evaluation of
various starting electronic structures. The Supporting Infor-
mation provides the atomic coordinates of each of the frag-
ments separately. The various magnetic coupling schemes
for the two Ms = �9/2 [2Fe-2S] rhombs and the S = 1/2
[2Fe]-subcluster converged to only three distinct solutions
that could be illustrated by the top/bottom, front/back, and
left/right coupling of the [4Fe-4S]-subcluster. For the sake
of brevity, only the lowest energy broken symmetry state
was used for the atomic spin density calculations for each
of the dithiolate compositions. The iron sites labeled Fe1,
Fe2, Fe3, and Fe4 correspond to those coordinated with
the Cys300, Cys355, Cys499, and bridging Cys503 residues
(in CpI), respectively.

The electron densities were calculated by using
Gaussian09 Revision A.02[33] with the BP86 func-
tional[28–30] and the TZVP basis set[34] for all of the models,
including the sizeable H-cluster model. This combination of
functional and basis sets can reproduce the orbital compo-
sition data reasonably well from XAS measurements[19] and
advanced electron paramagnetic resonance properties[35] of
the biomimetic [2Fe]-model complexes. We anticipated that
the use of a hybrid functional, such as the popular B3LYP,
would not change the conclusions of this study as indicated
by ref.[10,35] The atomic spin densities within each molecule
were interpreted by using Mulliken (MPA),[36] Weinhold
(NPA),[37] and Bader’s Atoms in Molecules (AIM)[38] pop-
ulation analyses. The NPA valence orbital sets for the iron
and sulfur atoms were 3d4s4p and 3s3p, respectively. The
AIM results were obtained by using the program AIM-
All[39] with the ProAIM method.[40–42] When necessary, the
Promega[41,42] method was used for integrating atoms that
had trouble in connecting complex ring, bond, or cage criti-
cal points.

As a high-level correlated wave function-based ab initio
method, complete active space (CAS) multi-reference calcu-
lations were performed by using the Natural Bonding Or-
bitals derived from the ROBP86 reference wave function for
the one-electron oxidized free ligand radical, [dtma]1–. The
active space was constructed by using the four bonding and
four antibonding molecular orbitals of the S–C and C–N
bonds and the four S-based and one N-based lone pairs (13
orbitals) that were occupied with 17 electrons. The similarly
large CAS calculation for the biomimetic model complex
with additional Fe d orbitals and electrons for [Fe2(CO)6-
(dtma)]1+ is currently beyond our computational capabili-
ties (26 orbitals and 31 electrons); however, the above calcu-
lation was already sufficient to validate the DFT calcula-
tions for the free ligands.

Results and Analysis

Our strategy for surveying the extent of the covalent in-
teractions through the analysis of the spin density distri-
butions was composed of initially investigating the elec-
tronic structure of the oxidized free ligand radicals. These
calculations can provide an estimate for the upper limit of
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the spin delocalization since the actual paramagnetic cen-
ters (S atoms) are only a methylene group away from the
bridgehead group (X). In comparison, the extent of spin
delocalization is expected to be reduced in a [2Fe]-complex
relative to that of the free ligands, since the Fe centers are
an additional atom away from the bridgehead group unless
a direct interaction is present. Consequently, the free ligand
calculations were extended with a systematic evaluation of
the biomimetic [2Fe]-complexes and were compared to the
most reasonable structure of the H-cluster within its protein
environment. It is important to highlight that besides the
conventional orbital-based MPA and NPA methods, the
topology of the entire electron density was evaluated by
using the Bader’s Atoms-in-Molecule method, which sepa-
rates the electron density into atomic basins according to
the curvature of the electron density.

Free Ligands

In order to investigate the magnitude of the spin delocal-
ization from the sulfur atoms to the bridgehead group as
a function of composition and geometry, we carried out
calculations for two of the conformations of the one-elec-
tron oxidized dithiolate ligands. The right-hand side of Fig-
ure 1 presents the structures with the ligands fixed in the
crystallographic positions of the corresponding [2Fe]-com-
plexes, while the left-hand side shows the structures of the
fully optimized, unconstrained dithiolates. The major dif-
ference between these two sets was the shorter S···S and
longer S···X distances in the fixed structures compared to
the relaxed structures. The spin density was mainly local-
ized at the sulfur atoms in the relaxed structures, whereas
the atomic spin density on the bridgehead group is only
a few percent as presented in Table 1. Therefore, the spin
delocalization is limited in the one-electron oxidized free
ligands. This was expected since the mixing of the sulfur 3p
orbitals with the 2s/2p orbitals of the bridgehead group is
limited. Considering that the spin delocalization takes place
through the σ-bonds, the CH2 bridgehead group will conse-
quently show a larger spin density (2–5%) relative to the
NH (1–2%) and the O (1 % of an electron or 0.01 e) groups
due to the lower effective nuclear charge of C versus N or
O, which leads to an energetically preferred orbital overlap.
The lack of significant (� 0.05 e) atomic spin density on
the bridgehead group indicated the absence of any covalent
or through-space spin polarization between the bridgehead
group and the sulfur atoms despite the shorter S···X dis-
tance.

The constraint of the sulfur atoms into the positions of
the corresponding biomimetic complexes (fixed geometry in
Table 1) imposed strain on the dithiolate ligands that led to
a slight increase (up to 0.02 e) in the spin delocalization
towards the bridgehead group for X = NH and O, in con-
trast to that of X = CH2. The anomalous behavior of the
pdt ligand, where the spin density decreased upon con-
straint, could be rationalized by the elimination of any pos-
sibility for the S···C–C hyperconjugation that is present in
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Figure 1. The structures of the free dithiolate ligands.

Table 1. A comparison between the atomic spin densities (% of an
electron) for the free ligands with various bridgehead groups (CH2,
NH, O) as a function of the population analysis method and the
optimization state (fixed: as in the corresponding [FeIFeI]-clusters).

Population Optimization Bridgehead group (X)

analysis state CH2 NH O

S βCH2 X S βCH2 X S βCH2X

MPA Fixed 99 –1 2 100 –1 1 100 –1 1
Relaxed 98 –3 5 97 3 0 97 3 0

NPA Fixed 98 0 2 100 0 1 100 0 0
Relaxed 96 1 4 94 6 0 98 6 0

AIM Fixed 96 2 2 97 2 2 97 2 1
Relaxed 92 4 3 93 7 0 93 8 0

the flat relaxed structure (see the discussion below for the
spin density distribution plots). Comparing the various
population analysis methods, both the MPA and NPA
methods can result in total negative spin densities due to
the spin polarization that spans differently among the mul-
tiple spin up (α) and spin down (β) orbitals. Large devia-
tions between these spin orbitals are generally indicative of
either the multireference nature of the ground state wave-
function or a limitation of the given population analysis/
basis set combination. However, by using the AIM method,
the total spin density contributions from each of the atoms
is positive and is significantly different (by 6% for S, for
example) compared to when the popular MPA method was
used. As discussed later, the AIM method does not com-
pletely eliminate the negative spin densities since it provides
correct negative spin densities for the antiferromagnetically
coupled iron centers in the [4Fe-4S]-subcluster.

Figure 2 summarizes the atomic spin density plots and
the AIM topology maps of the total electron density. The
relaxed structures of the one-electron oxidized free ligands



Electron and Spin Density Topology of the H-Cluster

showed the anticipated bond critical points (green dots)
along the bond pathways that connect the atoms according
to the valence bond picture. The dashed versus solid line
style for a bond pathway is indicative of the amount of
electron density localized between two given atoms along a
bond path and hence the weak versus strong nature of a
bonding interaction, respectively. The appearance of small
spin densities on the C–C and C–H bonds parallels the pre-
viously discussed orbital overlap considerations. The some-
what larger accumulation of spin density for the pdt ligand
is due to the presence of the S···C–C hyperconjugation,
while the same pathway does not exist for the heterometal-
substituted dithiolates. Rather, the delocalization of the spin
density takes place through the S···C–H path. The AIM
results showed the emergence of a new bond critical point
among the two sulfur atoms for the fixed geometry that
corresponds to a weak sulfur-sulfur bonding interaction.
Moreover, a ring-critical point (red dot) also emerged and
is located approximately in the middle of each ring at about
3.24 Å away from the S atoms and the bridgehead group.
Thus, from the topology features of the electron density and
the spin density distributions, we concluded that the emer-
gence of 0.02–0.03 e atomic spin density (Table 1) at the
bridgehead group originates from the ring-strain effect of
the dithiolate ligand, which creates a modest through-space
delocalization pathway from the sulfur-centered radical into
the bridgehead group.

Figure 2. The atomic spin density plots and the AIM plots for the
free ligand radical structures, [SCH2XCH2S]1–.

In order to address the possible multireference nature of
the dithiolate electronic structure and, thus, the configura-
tion interactions of the σ-orbital framework, we carried out
a complete active space SCF calculation for the [dtma]1–

radical. Figure 3 illustrates the composition of the active
space (13 orbitals and 17 electrons) and the final occupa-
tion numbers from the converged one-electron density ma-
trix. From these CASSCF results it was apparent that there
is only a small mixing (at most 0.07 e) of the occupied and
unoccupied molecular orbitals in the relaxed structure.
Similarly to the DFT calculations, we detected a slight in-
crease (at most 0.08 e) in the fixed dithiolate geometry of
the [2Fe]-complexes. This indicated a limited delocalization
of the spin density from the S lone pairs, through the S–C
and C–N bonds, into the N lone pair. These conceptually
higher-level calculations corroborated the DFT results and
verified that the amount of spin density at the bridgehead
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group of the one-electron oxidized free ligands is only a
few percent. A similar agreement between the CASSCF and
DFT calculations has been described for the entire Fe2(CO)6-
(pdt) complex in the work of Bertini et al.[27] using a smaller
active space.

Figure 3. The ROBP86/NBO reference orbitals for the
[SCH2NHCH2S]1– radical dithiolate that was used for the 13 orbit-
als and 17 electrons CASSCF calculations and the occupation of
these orbitals from the one-electron density matrix.

Biomimetic [2Fe] Complexes

In order to evaluate the presence of direct bonding inter-
actions between the Fe centers and the bridgehead groups
in the diamagnetic [FeIFeI]-clusters, we carried out electron
density topology analysis by AIM (Figure 4). This revealed
additional ring critical points and related pathways, besides
those expected by a valence bond picture. The presence of
the Fe–Fe bond was apparent as indicated by a bond criti-
cal point approximately in the middle of the two iron cen-
ters. Besides the ring critical point already shown for the
constrained one-electron oxidized dithiolate ligand in Fig-
ure 2, there are two more ring critical points that are lo-
cated in the middle of each three-membered [Fe–S–Fe] ring.

Importantly, despite the puckered nature of the metalla-
dithiolate ring and the shorter distance between the bridge-
head group and the distal Fe site versus the proximal Fe
site, we did not find any direct bond path between the iron
centers and the bridgehead group for the [FeIFeI] oxidation
state. However, we observed a slight skewing of the dithio-
late ring critical point towards the distal iron center, regard-
less of the chemical composition of the bridgehead group.
In order to investigate the potential importance of this non-
planarity, we carried out a stepwise inversion of the bridge-
head group for X = NH, as shown in the conformational
energy diagram (Figure 5). As the dithiolate ring becomes
flat, the corresponding ring critical point moves into the
plane defined by the sulfur and carbon atoms, but with only
a modest change in the atomic spin density at the bridge-
head group from 0.19 to 0.15 e. The geometry that bears a
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Figure 4. AIM electron density topology analysis of the [FeIFeI]
biomimetic complexes (the green and red dots are the bond and
ring critical points, respectively).

coplanar [S–CH2–NH–CH2–S] moiety (C2v molecular sym-
metry, top right corner) corresponds to a second order tran-
sition state with respect to the amine N inversion
(573i cm–1) and the ring puckering inversion (235i cm–1).
Remarkably, this planar ring structure is ideal for the delo-
calization of the spin density from the paramagnetic iron
centers through the sulfur lone pairs and C–H bonds into
the out-of-plane N lone pair. For example, the incorpora-
tion of an allylic dithiolate group would enhance the coval-
ent interaction between the bridgehead group and the Fe
centers. The bottom right hand corner of Figure 5 shows
the spin density distribution plot for the C2v structure. The
spin density lobes clearly indicate that the delocalization
proceeds through the Fe···S···C–H···N LP conjugation
pathway. Thus, this structure represents the maximum ex-
tent of the spin delocalization (about a third of the total
spin density) from the paramagnetic iron centers into the
bridgehead group within the given coordination environ-
ment. Therefore, the nonplanarity of the ring critical point
can be one of the indications for the efficiency of the orbital
overlap, which gives rise to the through-space spin polariza-
tion of the bridgehead group.

Figure 6. Optimized [FeIFeII] biomimetic complex structures (the corresponding experimental distances for the [FeIFeI]-complexes are
shown in parentheses).
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Figure 5. Potential energy surface for the inversion of the NH
bridgehead group in the [FeIFeII(CO)6(dtma)]+ complex with the
bridgehead group (NH) atomic spin densities and the AIM struc-
tures.

The relative energies for the inversion of the dithiolate
ring puckering were in agreement with a small barrier for
the inversion.[43] This small barrier allows for the simulta-
neous presence of both bridgehead group orientations,
which was manifested as a disorder in the crystal structure
of the [Fe2(CO)6(pdt)] cluster.[22] In addition, a similar mag-
nitude for the transition state energy was calculated for the
[Fe2(CO)6(pdt)] complex.[27] This conformational change
appears to be innocent for the biomimetic [2Fe] complexes;
however, as proposed earlier[5] for a protonated bridgehead
group (NH2

+), this would result in a severe structural reor-
ganization of the H-cluster.

In order to evaluate the spin density delocalization of the
mixed valence [2Fe] complexes in all three of the bridgehead
compositions, the AIM analysis was carried out for the one-
electron oxidized cationic [FeIIFeI]-clusters. Their optimized
structures are shown in Figure 6 and the corresponding dis-
tances from the reduced [FeIFeI]-clusters are shown in pa-
rentheses. A comparison between the AIM topology for the
reduced and oxidized [2Fe] complexes in Figure 4 and Fig-
ure 7, respectively, showed that upon one-electron oxidi-
zation the direct Fe···Fe bonding interaction vanishes, as
indicated by the disappearance of the respective bond criti-
cal points and bond pathways between the two Fe centers.
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Figure 7. Summary of the atomic spin density contour plots and the AIM electron density topology of the [FeIFeII] biomimetic complexes
(the green and red dots are the bond and ring critical points, respectively).

Moreover, the Fe···Fe distances increased by 0.15 to 0.21 Å
in the one-electron oxidized [FeIFeII] complexes compared
to those of the reduced [FeIFeI] complexes, whereas the
S···S distance only increased by 0.04 to 0.07 Å (Figure 6).
These structural changes indicated that the [FeIFeII]-cluster
is electronically drastically different than expected upon a
one-electron oxidation of the corresponding [FeIFeI]-clus-
ter, even without a large scale reorganization of the coordi-
nation environment. Since the Fe···Fe bond path is practi-
cally absent in the oxidized [2Fe] complexes, the cluster is
poised for structural rearrangement, such as the rotation of
the Fe(CO)3 group, as has already been studied theoretic-
ally by Bertini et al.,[27] or complete rearrangement, as ex-
perimentally shown by Heinekey et al.[44]

Furthermore, the absence of the Fe···Fe bonding interac-
tion for the relaxed [FeIFeII]-cluster resulted in the collapse
of the two [Fe–S–Fe] ring critical points into a new one
that sits in the center of the [Fe–S–Fe–S] rhomb (Figure 7).

Table 2. A comparison between the atomic spin densities (% of an electron) for the one-electron oxidized biomimetic [2Fe]-complexes,
[FeIFeII(CO)6(SCH2XCH2S)], as a function of the population analysis method and the optimization state (fixed: as in the corresponding
[FeIFeI]-clusters).

Population Optimization Bridgehead group (X)

analysis state CH2 NH O

Fe S βCH2 X Fe S βCH2 X Fe S βCH2 X

MPA Fixed 85 –3 5 1 64 10 4 20 78 –1 5 9
Relaxed 90 –7 4 1 66 6 5 18 85 –6 5 5
Rotated 88 1 2 1 76 4 4 7 84 1 4 2

NPA Fixed 76 –2 4 1 58 10 8 22 59 0 6 10
Relaxed 84 –6 2 1 61 6 4 18 76 –6 8 6
Rotated 84 2 0 0 71 6 2 7 80 2 6 3

AIM Fixed 73 2 5 2 58 13 6 19 68 5 5 8
Relaxed 80 –1 2 1 60 10 6 16 75 0 5 4
Rotated 82 3 3 1 71 7 5 6 78 4 4 2
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Importantly, the ring critical point of the dithiolate ligand
remained the same, which suggests the presence of possible
spin polarization on the bridgehead group. Upon examin-
ing the spin distribution plots for the [FeIFeII]-clusters (Fig-
ure 7), we found that there is a significant spin density local-
ization on the bridgehead group that decreases in going
from NH (16–20%) � O (5–10 %) � CH2 (1–2% from
Table 2). A similar trend has been described for the fixed
free ligand radicals (see above); however, to a more modest
extent.

The amplification of the spin polarization effect relative
to the corresponding free ligands is a demonstrative exam-
ple for the unique electronic structure of the [2Fe]-subclus-
ter of the H-cluster. The bridgehead group is linked to the
redox active iron centers by means of through-space elec-
tron density delocalization, which is represented by the ring
critical points in AIM. By comparing the optimized
[FeIFeII]-clusters (Figure 7, right hand column), the AIM
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topology plots revealed an intriguing new interaction that
served as a rational for the lack of atomic spin density for
the methylene bridgehead group. As the Fe···Fe bond is
broken by the one-electron oxidation, the terminal CO li-
gand forms a bond pathway with the methylene bridgehead
group by means of a C–H···CO-type of H-bonding interac-
tion. This type of interaction is not unknown and has been
proposed to be responsible for the crystal packing forces in
organometallic carbonyl complexes.[45,46] As discussed later,
the involvement of the bridgehead group in an interaction
that shows some covalent/orbital overlap character reduces
the localization of the spin density on the bridgehead group.

We also evaluated the effect of rotating one of the carb-
onyl ligands into a bridging position. The rotational en-
ergy profile for the Fe(CO)3 group is shown in Figure 8A
and the corresponding AIM analysis and atomic spin den-
sity plots are shown in Figure 8B. It is important to note
that the bridgehead group does not point in the same direc-
tion relative to the Fe site with the vacant apical position
for all three of the dithiolates. As shown in Figure 8B for
the lowest energy rotated conformers, the CH2 bridgehead
group in the pdt-containing complex points towards the ro-
tated Fe site where spin density is mostly localized, while
the other two complexes show the opposite orientation.
Due to the lack of any indication in the AIM topology plots
for the covalent agostic C–H···Fe or N–H···Fe H-bonding
interactions, the orientation of the bridgehead group was
rationalized by the presence of electrostatic lone pair-lone
pair repulsion between the bridgehead group and the FeI

site bearing the extra electron density. The presence of the
γ-H in the pdt ligand is most probably responsible for a
dipole/lone pair attraction. It is also remarkable that the
spin density always accumulates on the Fe site with the vac-
ant apical position, which can be formally considered to be
the reduced FeI site. This can be rationalized by considering
the d-orbital splitting in the square-pyramidal coordination
environment. The low spin formally FeII site has a
b1

2e4a1
0b2

0 electron configuration with doubly occupied
dxy, (dxz, dyz) orbitals and vacant dz2 and dx2–y2 orbitals.

Figure 8. Conformational energy diagram for the Fe(CO)3 group rotation (A) of the [Fe2(dtma)(CO)6] complex and (B) a comparison
between the atomic spin density contour plots with the AIM electron density topology for the lowest energy rotated isomers.
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This can maximize the CO σ-donation and backdonation
from the occupied Fe d-orbitals to the CO π* orbitals. This
is important for stabilizing the Fe–CO bonding for a high
valent Fe site. The reduced FeI site with a b1

2e4a1
1b2

0 elec-
tron configuration actually weakens the Fe–CO σ-bond due
to the partial occupation of the a1 (dz2) orbital, but the re-
duced positive charge allows for higher backdonation from
the Fe to the CO π* orbitals, which compensates for the
loss of the bonding interaction and overall results in the
increased stabilization of the complex. In addition, the
bending of the rotated CO group may allow for some flexi-
bility in forming the orbital overlap with the Fe d-orbitals
and, thus, in accumulating the extra electron density.[47]

Since the bridging CO ligand practically precludes the
presence of an Fe–Fe bond, we see a considerable change
in the electronic structure relative to the non-rotated forms.
A major difference between the rotated and the non-rotated
isomers is the existence of an asymmetrical Fe coordination
environment with an apical vacant position. As can be seen
in Table 2, in going from the fixed to the relaxed and then
to the rotated structures, the spin density on the bridgehead
atom is significantly reduced. Remarkably, this conforma-
tional effect is most exaggerated for the dtma ligand, where
the bridgehead spin density drops from 0.19–0.22 e to 0.06–
0.07 e. The considerably larger electronic structural change
is also well represented by the topology map in Figure 8B,
where the Fe···Fe bond critical point is absent in the dtma
complex in contrast to the pdt or the dtme analogues. The
drastic change in the localization of the atomic spin density
at the bridgehead group stems from the asymmetry between
the two iron centers, hence the strong localization of the
atomic spin density (ca. 0.70 e) at the rotated Fe site with
a vacant apical coordination position, regardless of the
bridgehead orientation and composition. While the effect
of this conformational change on the electronic structure is
remarkable, the amount of spin density (up to 0.07 e) calcu-
lated on the bridgehead is still considerable, which was also
detected experimentally[16,35] for biomimetic models. An-
other remarkable electronic structural feature of the rotated
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conformer is the lack of a bond pathway between the for-
mally bridging CO and the non-rotated Fe site, which indi-
cated that the rotated CO can still only be considered as a
terminal CO and not bridging in terms of covalent bonding.

The paramagnetic spectroscopic analyses of DdH indi-
cated that the spin density is distributed over both of the
iron centers in the Hox state, but in the Hox-CO state it is
localized on the proximal iron site. In contrast, a more lo-
calized electronic configuration was found both experimen-
tally and theoretically for the biomimetic models that have
non-equivalent Fe sites.[10,26,48] In order to account for the
deviation between the spectroscopic properties of the bio-
mimetic complexes and those of the protein bound active
site, the presence of a distal ligand in the Hox state of DdH
should be considered since this would explain the spin den-
sity delocalization over the two Fe centers with a formal
Fe1.5+ oxidation state.[49,50]

It is worth highlighting the differences between the vari-
ous population analysis methods. Negative spin densities
were observed for the complexes with CH2 and O bridge-
head groups. Since most of them disappeared when AIM
was used, we attributed these spin densities to the limitation
of a given population analysis method and basis set combi-
nation. The remaining negative spin density for the pdt-
containing complex may be indicative of the presence of a
non-negligible spin polarization. By comparing the Fe spin
densities for the relaxed structures, we could generally say
that the MPA results corresponded to the highest numbers
and thus the most localized electronic structure, followed
by the NPA results at approximately 7 to 10% reduced val-
ues. The AIM method further reduced the NPA results by
approximately 2 to 5%. While we prefered the use of AIM
for the analysis of the electronic structure of the transition
metal complexes; the NPA method was also suitable espe-
cially since the former has not yet been adapted in many
electronic structure packages.

Effect of Ligand Substitutions

In order to approach the actual ligand environment of
the [2Fe]-subcluster of the H-cluster, we examined the effect
of the substitution of a carbonyl ligand with a cyanide or a
thioether ligand. We chose these particular complexes,
which bear dtma as the dithiolate bridge, due to the avail-
ability of their crystal structures.[23,24] Figure 9 presents
their optimized structures in the formally oxidized, para-
magnetic [FeIFeII]-oxidation states relative to their diamag-
netic, crystallographically characterized states (the bond
lengths are shown in parentheses). Table 3 summarizes the
atomic/group spin density distributions as a function of the
population analysis method and the composition for the
one-electron oxidized states, and Figure 10 provides the
overview of the atomic spin density distribution plots and
the AIM electron density topologies. The considerable de-
crease in the spin density at the bridgehead group in the
cyanide complex (0.06–0.09 e) versus its carbonyl analogue
(0.16–0.22 e) was attributed to the network of intramolecu-
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lar interactions formed by the bridgehead group and the
apical cyanide groups. The formation of an N–H···π-CN
interaction upon relaxation of the one-electron oxidized
state manifested new bond pathways and, thus, an ad-
ditional ring critical point appeared (left hand side of Fig-
ure 10). As this interaction connects the bridgehead group
back to the paramagnetic center, the spin localization on
the bridgehead group vanishes. Interestingly, we found that
the spin density was delocalized into both of the cyanide
ligands when they were fixed in their crystal structure posi-
tions and that this disappeared upon optimization of the
geometry. This indicated that the reduced spin densities at
the bridgehead group could not be due to the expansion of
the singly occupied Fe-based orbital into the cyanide li-
gands since both the cyanide and the bridgehead (X = NH)
spin densities decrease.

Figure 9. Optimized [FeIFeII] biomimetic complex structures with
a more realistic ligand environment with respect to the H-cluster
(the corresponding experimental distances for the [FeIFeI]-com-
plexes are shown in parentheses).

The utility of using the ring critical points is well demon-
strated by looking at the prototypical [Fe2S3]-cluster with
a slightly increased spin density at the bridgehead group
(Table 3) relative to the corresponding hexacarbonyl [2Fe]-
complexes (Table 2) using the fixed [FeIFeI]-geometry (Fig-
ure 10, top right hand corner). This calculation showed
large spin density localization (0.22–0.25 e) on the bridge-
head nitrogen and the appearance of two additional ring
critical points related to the [Fe–dithiolate–thioether–Fe]
ring that are indicative of enhanced through-space delocal-
ization pathways. Upon optimization (Figure 10, middle
right hand structures), the latter two ring critical points
merged into a single one and the bridgehead spin density
dropped from a considerable value of 0.24 e to a low value
of approximately 0.04 e, which is closer to those of the cy-
anide complex (ca. 0.09 e) than to those of the initial fixed
structure of the hexacarbonyl [2Fe]-complex.

It is also notable that the optimization of the [Fe2S3]
model complex alters its overall electronic structure. From
the oppositely colored lobes of the Fe spin density in Fig-
ure 10 (middle right hand structures), it was clear that spin
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Table 3. A comparison between the atomic spin densities (% of an electron) for the one-electron oxidized biomimetic [2Fe]-complexes
with a more realistic ligand environment with respect to the H-cluster as a function of the population analysis method and the optimiza-
tion state (fixed: as in the corresponding [FeIFeI]-complexes).

Population Optimization [Fe2(CO)4L]n

analysis state L = (CN)2(μ2-SCH2NHCH2S); n = –1 L = (CO){(μ2-SCH2)2NC2H4SMe}, n = +1
Fe S N(CN) βCH2 NH Fe S βCH2 N

MPA Fixed 86 –5 5 4 7 56 12 4 25
Relaxed 79 –4 –1 5 9 95 1 6 4
Rotated 92 7 9 2 0 80 4 4 6

NPA Fixed 79 –4 8 8 6 45 13 6 25
Relaxed 74 –4 1 4 8 89 3 3 4
Rotated 86 8 10 2 1 74 6 4 7

AIM Fixed 76 2 7 5 6 51 13 8 22
Relaxed 69 2 1 6 8 89 6 6 3
Rotated 85 8 8 1 0 74 7 4 5

Figure 10. Summary of the atomic spin density contour plots and
the AIM electron density topology of the [FeIFeII] biomimetic com-
plexes with a more realistic ligand environment with respect to the
H-cluster (the green and red dots are the bond and ring critical
points, respectively).

polarization occurs at the iron centers. The tricarbonyl co-
ordinated iron site gained considerable negative spin density
in addition to the rotation of the Fe 3dz2 orbital. This was
also manifested in the relative position of the vicinal car-
bonyl ligands as the Fe(CO)3 moieties rotated relative to
each other around the Fe···Fe axis with an average OC–
Fe···Fe–CO dihedral angle of 10 to 26°. However, the over-
all AIM topology of the electron density remains approxi-
mately the same with the exception of the coalescence of
the ring critical points. Another remarkable feature of the
thioether coordinated complex is that upon one-electron
oxidation the Fe–Fe bond remains intact while in the car-
bonyl and cyanide complexes it is broken. This was ration-
alized by the considerable donation from the thioether to
the Fe sites, which maintains enough electron density be-
tween the Fe centers for the existence of a covalent bond
pathway.

Upon complete rotation of a carbonyl ligand into the
bridging position (Figure 10, bottom structures), the atomic
spin density at the bridgehead group disappears for the di-
cyanide substituted [2Fe]-complex, which is similar to the
hexacarbonyl derivatives, due to the strong localization of
the unpaired electron to the rotated Fe center and the adja-
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cent apical cyanide ligand, as depicted in Figure 10 (bottom
left hand corner). These electronic structural changes were
explained by the AIM topology analysis as the cyanide ni-
trogen becomes the terminal point of a network of intramo-
lecular interactions and thus accumulates atomic spin den-
sity. Remarkably, the spin density on the bridgehead group
for the rotated [Fe2S3]-complex (Figure 10, bottom left
hand structures) increased and the spin polarization disap-
peared compared to that of the relaxed non-rotated isomer
(Table 3). It was also evident that there is spin localization
at the rotated Fe center that is partially redistributed over
the adjacent CO ligands; however, the topology of the elec-
tron density around the bridgehead group remains remark-
ably similar to that of the initial fixed structure (top right
hand corner of Figure 10).

The electronic structure changes among the dicyanide-
substituted and [Fe2S3]-clusters are important observations
since these indicated that the presence of the intramolecular
interaction networks, as represented by the bond pathways
and ring critical points, is more effective in modulating the
atomic spin density of the bridgehead group than the rota-
tion of one Fe site. However, these clusters, which are struc-
turally more analogous to the [2Fe]-subcluster, also exhibit
localization of the spin density at the rotated Fe site (bot-
tom of Figure 10), which is similar to the hexacarbonyl de-
rivatives (Figure 8). The comparison between the atomic
spin densities that were calculated for the rotated [Fe2S3]-
complex with a vacant apical coordination position and the
analogous, but coordinately saturated, [Fe2S3]-complex with
the phosphane ligands[16] (see Figure S1) revealed that the
latter complex is electronically closer to the non-rotated
hexacarbonyl [2Fe]-complexes with respect to the Fe 3dz2

orbital orientations as well as the atomic spin density distri-
butions. These observations supported the assumption that
the latter mixed-valence, phosphane-coordinated [Fe2S3]-
complex[16] is a close electronic structural mimic of the H-
cluster in the Hox-CO state.

H-Cluster

As a realistic model system of the H-cluster, we examined
the atomic spin density distributions and the electron den-
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sity topology of a more than 200 atom model of the [6Fe]-
cluster with an approximately 3.5 Å protein environment
that included various truncated amino acid residues and
backbone amide groups. Figure 11 highlights the key differ-
ences in the distal Fe coordination environment as a func-
tion of the bridgehead group and the nature of the distal
ligand. By starting from the published crystal structure
(PDB code: 3C8Y),[5] the optimization of the geometry
could result in two different orientations of the distal water
ligand. For the H-cluster structure with the pdt (Fig-
ure 11A) and dtma (Figure 11C) ligands, the hydrogen
atoms of the bridgehead group form a H-bond with the
water molecule, while one of the hydrogen atoms of the
H2O forms an agostic Fe···H–O bond. A reverse hydrogen-
bonding interaction is present for the dtme-containing
model (Figure 11F), where the H2O is coordinated by me-
ans of the oxygen lone pair to the distal iron site as indi-
cated by the shorter Fe···OH2 distance (2.24 Å). Moreover,
the oxygen bridgehead group is more than 0.1 Å closer to
the distal iron site (Figure 10F) than for the other two com-
positions in Figure 11A and C. For the sake of probing the
two extremes of the distal site coordination environment,
we also examined the electronic structure of a computa-
tional model without the distal water molecule as crystallo-
graphically described for the H-cluster in DdH (Figure 11D
and G) and with a carbonyl ligand as in the CO inhibited
Hox-CO state (Figure 11B and E).[4]

Figure 11. Comparison between the distal iron site of the H-cluster
cut out from the 200+ atom virtual chemical model of the H-cluster
and its immediate protein environment with respect to the distal
ligand, distal iron, and bridgehead group distances.

Due to the presence of the conformational isomers with
regards to the axial and equatorial N–H bond orientation
relative to the metallacyclohexane ring that contains the
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distal Fe site, both of the conformers were evaluated. We
found that the H-cluster model where the distal water is
H-bonded to the amine bridgehead group (Figure 11C) is
energetically more favored by 7 kJ mol–1 compared to the
conformer with an equatorial hydrogen atom. The CO-
bound structure is practically energetically degenerate with
regard to the orientation of the N–H bond. Finally, with
regard to the isomers where the apical position is vacant,
the structure where the hydrogen atom occupies an equato-
rial position is only 4 kJmol–1 less stable than the structure
shown in Figure 11D (axial N–H). For the sake of clarity
and brevity, we have only reported the results for the lowest
energy structures.

The AIM atomic spin density distributions that were cal-
culated at the BP86/TZVP level for the BP86/SDD opti-
mized, protein environment-embedded H-cluster model
structures are shown in Table 4. Contrary to the observed
trend for the biomimetic model complexes, we found a spin
density of only about 0.002 e (0.2 %) at the bridgehead
group regardless of its composition. However, the atomic
spin density of the distal iron gave a clear correlation with
the coordination strength of the distal ligand. The strongly
bound CO at the distal Fe site reduces the distal Fe spin
density to about 0.28 e and increases the proximal Fe spin
density to 0.42 e. This is a considerable change relative to
the other models with the H2O distal ligand. As we have
discussed for the model complexes, the largest localization
of spin density was found for the models without a distal
ligand, which accumulates at a spin density of about 0.70–
0.74 e at the distal Fe site and of about 0.19–0.21 e at the
proximal Fe site. The CO-bound models have the most bal-
anced distribution, which has already been found computa-
tionally by others;[51] however, it contradicts the 5:1 distri-
bution of spin between the proximal and distal Fe sites as
interpreted from the spectroscopic data for the Hox-CO
state.[26] The different distal water ligand coordination was
also well represented by the changes in the atomic spin
densities at the distal iron and the water ligand. The agostic
Fe···H–OH interaction corresponds to an approximately
0.10 e increased Fe spin density in the pdt and dtma con-
taining models, with a slight decrease of 0.02 e in the water
spin density, relative to the normal Fe···OH2 coordinative

Table 4. The atomic spin densities at selected centers of the H-clus-
ter by AIM in the presence of the approximately 3.5 Å protein envi-
ronment.

Distal Bridgehead group (X)

ligand CH2 NH O

H2O CO H2O CO None H2O None

[4Fe-4S] 28.2 17.1 23.5 16.8 16.8 12.4 17.3
Fedistal 63.5 28.9 66.2 27.5 73.8 56.8 70.3
Feproximal 14.2 42.3 15.0 43.3 21.4 33.0 19.0
2S –0.2 13.5 0.1 14.2 –0.5 3.7 0.2
N (CNdistal) 4.8 0.1 5.2 0.1 5.1 0.6 4.2
N (CNproximal) 0.0 0.0 0.0 0.0 –0.1 –0.1 –0.1
O(H2Odistal) 1.2 n/a 1.7 n/a n/a 3.6 n/a
N (Lys358) 0.0 0.0 0.0 0.0 0.3 0.0 0.0
X 0.2 0.1 0.2 –0.1 0.2 0.1 0.2
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bond in the dtme containing model. Interestingly, the bridg-
ing dithiolate sulfur spin density also varies as a function
of the distal ligand and its interaction with the distal Fe
site. A spin density of approximately 0.14 e is accumulated
on the two sulfur centers in the Hox-CO models. This drops
to about 0.04 e in the dtme containing model with the nor-
mal Fe···OH2 coordination and disappears if the distal
water agostically binds to the distal Fe site or in the absence
of a distal ligand.

It is important to note that variation in the coordination
environment of the distal iron also affects the total atomic
spin of the [4Fe-4S]-subcluster. While formally this cluster
is assumed to be diamagnetic in its [4Fe-4S]2+-state, non-
negligible atomic spin density (0.12–0.28 e) can be delocal-
ized from the [2Fe]-subcluster by means of the bridging
S(Cys) ligand as a function of the bridgehead group and
the coordination environment of the distal site. In addition
to this being a direct electronic structural support for the
unique magnetic (spin)[10] and electronic (orbital over-
lap)[12] coupling between the [4Fe-4S] and the [2Fe]-subclus-
ters of the H-cluster, the paramagnetic character of the
[4Fe-4S]-subcluster can spin polarize the neighboring H-
bonded amino acid residues that have already been consid-
ered in the minimal environmental model of the H-cluster.

The remarkably complex AIM topology of the electron
density in Figure 12 explained the lack of any spin density
localization at the bridgehead group. The bridgehead group
forms a strong, intermediate, and weak H-bonding interac-
tion for the NH, O, and CH2 composition with the distal
water ligand as shown in Figure 11C, F, and A, respectively.
The distal water loops the interaction network back to the
paramagnetic distal iron site as represented by the appear-
ance of a ring critical point that connects the entire distal
site of the [2Fe]-subcluster. The network of bond pathways
transmits the spin polarization of the electron density and,
thus, prevents the accumulation of spin density at the
bridgehead group. Furthermore, the emergence of the ad-

Figure 12. A “simplified” AIM electron density topology of the H-
cluster with the additional interaction pathways between the pro-
tein environment and the cluster omitted for clarity.
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ditional ring and even cage critical points (represented by
blue dots in Figure 12) at the proximal side of the [2Fe]-
subcluster indicated a massive interaction network among
the [4Fe-4S] and [2Fe]-subclusters that could not have been
recognized previously from the molecular orbital-based
analyses.[12] These findings further substantiated that the H-
cluster must be considered as an inseparable single molecule
and not as two bridged [Fe-S]-clusters. Furthermore, the
modeling of the bridging thiolate link between the two clus-
ters with thioether or a truncation of the H-cluster can only
lead to results that have limited or no relevance to the ac-
tual catalytic active cluster of the [FeFe]-hydrogenase.

Conclusions

The systematic evaluation of the electronic structures of
the dithiolate ligand, biomimetic [2Fe]-complexes in their
one-electron oxidized forms, and the resting state (St = 1/2)
of the entire [6Fe]-framework of the H-cluster with a mod-
est 3.5 Å protein environment revealed remarkable features
of the electron density topology and trends in the atomic
spin density distributions from the three different popula-
tion analysis methods. Among the Mulliken, Natural, and
Atoms-in-Molecule population analysis methods, we found
that the AIM method gave the most reasonable chemical
interpretation of the electron and spin density features. De-
spite the valence bond considerations, we saw practically no
atomic spin density accumulation on the bridgehead groups
for the structurally relaxed, free dithiolate ligand radicals.
However, the constraint of their geometry into a chelating
position, as found in the corresponding [2Fe]-complexes, re-
sulted in the localization of the small, but non-negligible,
atomic spin density on the CH2 and NH groups. The lim-
ited spin polarization and the mixing of the occupied and
virtual orbitals were confirmed with the multireference
complete active space calculations, which reproduced the
electronic structural differences in the fixed versus the re-
laxed DFT calculations.

With a slightly varied relative order, the trend that was
found for the free ligands was continued for the biomimetic
complexes despite the fact that the paramagnetic center was
moved one atom farther away to the iron centers versus the
sulfur centers in the free dithiolate ligands. Significant spin
density was found for the secondary amine bridgehead
group that was experimentally detectable by advanced para-
magnetic techniques. The topology analysis of the molecu-
lar and spin electron densities by means of Bader’s Atoms-
in-Molecule method revealed the presence of the bond and
ring critical points that graphically illustrated the through-
space interaction between the paramagnetic iron centers
and the bridgehead group by means of limited, but non-
negligible, orbital overlap. The maximum extent of this in-
teraction was well demonstrated by a hypothetical [2Fe]-
complex with a planar [Fe–S–CH2–NH–CH2–S–Fe] dithio-
late ligand as it formed a conjugated system of the Fe 3d
orbitals, S 3p lone pairs, C-H orbitals, and N lone pair.
Furthermore, we found that the spin delocalization dimin-
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ishes if the bridgehead group is involved in any intra- or
intermolecular weak interactions, such as H-bonding. The
rotation of an Fe(CO)3 site in the studied [2Fe]-complexes
further changed the electronic structure due to the strong
localization of the spin density at the rotated Fe site with a
vacant apical coordination position. This limited the
through-space interaction between the paramagnetic iron
site and the bridgehead group that lead to a considerable
decrease in the atomic spin density. However, the atomic
spin density and, most probably, the electronic coupling of
the bridgehead group completely disappears if it becomes
involved in a network of intramolecular covalent or H-
bonding interactions. Remarkably, the virtual chemical
model of the entire [6Fe]-framework of the H-cluster
showed an insignificant atomic spin density (� 0.005 e) at
the bridgehead group regardless of the chemical composi-
tion of the dithiolate ligand or the distal ligand. However,
the spin densities at the distal and proximal sites and their
ratio are indicative of the nature of the distal ligand and its
interaction with the distal Fe site. Similarly to the biomime-
tic complexes, a network of interactions that involved the
bridgehead group would prevent the localization of the
atomic spin density as the spin polarization is transmitted
to a more terminal position if available or is looped back
to the paramagnetic Fe centers. Importantly, the involve-
ment of the bridgehead group in any network of H-bonds,
dipole/charge, or any other weak interactions can have a
great effect on the spin polarization within the cluster. Thus,
the nature of the distal ligand, its interaction with the iron
site as well as the bridgehead group, and the fine tuning
effects of the neighboring amino acids to the H-cluster must
be considered in any mechanistic investigation of the bio-
logical hydrogen uptake and evolution reactions by the
[FeFe]-hydrogenases.

Supporting Information (see footnote on the first page of this arti-
cle): Atomic spin density plot of the mixed-valence, phosphane-
coordinated [Fe2S3] model complex synthesized by Erdem et al.[16]

and corresponding MPA atomic spin densities of the selected
atoms, Cartesian coordinates of the 200+ atom model of the H-
cluster and its about 3.5 Å protein environment broken down into
individual molecular/ionic fragments, and Cartesian coordinates of
all the one-electron oxidized structures in their relaxed geometries
for the free dithiolate ligands and biomimetic [2Fe] clusters.
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