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Density functional theory was used to compare reaction pathways for H2 formation and H+ reduction catalyzed by
models of the binuclear cluster found in the active site of [Fe] hydrogenases. Terminal H+ binding to an FeI−FeI

form, followed by monoelectron reduction and protonation of the di(thiomethyl)amine ligand, can conveniently lead
to H2 formation and release, suggesting that this mechanism could be operative within the enzyme active site.
However, a pathway that implies the initial formation of FeII−FeII µ-H species and release of H2 from an FeII−FeI

form is characterized by only slightly less favored energy profiles. In both cases, H2 formation becomes less favored
when taking into account the competition between CN and amine groups for H+ binding, an observation that can
be relevant for the design of novel synthetic catalysts. H2 cleavage can take place on FeII−FeII redox species, in
agreement with previous proposals [Fan, H.-J.; Hall, M. B. J. Am. Chem. Soc. 2001, 123, 3828] and, in complexes
characterized by terminal CO groups, does not need the involvement of an external base. The step in H2 oxidation
characterized by larger energy barriers corresponds to the second H+ extraction from the cluster, both considering
FeII−FeII and FeII−FeIII species. A comparison of the different reaction pathways reveals that H2 formation could
involve only FeI−FeI, FeII−FeI, and FeII−FeII species, whereas FeIII−FeII species might be relevant in H2 cleavage.

Introduction

The development of sustainable ways to produce large
amounts of H2 may have great technological relevance soon.1

Presently, the industrial conversion of protons and electrons
to H2 is catalyzed by expensive Pt-containing catalysts.2

However, enzymes known as hydrogenases contain inex-
pensive but fundamental Fe and/or Ni ions and can efficiently
catalyze the reaction 2H+ + 2e- f H2,3 disclosing the

potential possibility of using these enzymes and/or bioin-
spired synthetic catalysts in energy-transduction technology.

Three classes of hydrogenases have been characterized so
far. [NiFe] hydrogenases, which contain Ni and Fe ions in
the active site, are usually involved in H2 oxidation in vivo;
[Fe] hydrogenases, which contain an unusual Fe6S6 moiety
(referred to as the H cluster) in their active site, are generally
very efficient in H2 production; and another class of
Fe-containing hydrogenases for which detailed structural
information are still unavailable.4

The H cluster in [Fe] hydrogenases is composed of a
regular [Fe4S4] cluster bridged by a cysteine residue to a
binuclear subcluster ([2Fe]H) where the cleavage of H2 is
thought to take place (Chart 1a).5 The two Fe atoms of
[2Fe]H, referred to as distal (Fe1) and proximal (Fe2) with
respect to the bridging cysteine residue, are coordinated by
CO and CN- ligands and by a chelating S-X3-S moiety,
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where X3 is composed of covalently bound light atoms. The
nature of the X atoms is still uncertain, and both di-
(thiomethyl)amine (DTMA) and 1,3-propanedithiolate (PDT)
have been proposed as plausible chelating groups.5,6

The peculiar structure of the H cluster in [Fe] hydrogenases
has stimulated synthetic studies aimed at a better understand-
ing of structure-activity relationships, with the ultimate goal
to design efficient catalysts to be used in H2 conversion
technology.7,8 Remarkably, most synthetic models are char-
acterized by a vacant binding site between the two Fe centers
of the [2Fe]H cluster, whereas in the enzymatic forms
characterized by X-ray diffraction, a CO group bridges the
metal centers and the distal Fe is characterized by a vacant
binding site (Chart 1).5

The origin of the structural difference between the enzyme
cofactor and synthetic models has been recently proposed,
on the grounds of experimental6 and density functional theory
(DFT)10 results, to stem from the redox state of the metal

cofactor, as well as from the electronic properties of the Fe
ligands. In fact, experimental results are consistent with a
scenario where theµ-CO group in the [2Fe]H cluster moves
to a terminal position upon reduction of the enzyme.6 The
latter observations suggest that different H2 activation/
formation pathways are plausible. If aµ-CO group is present
in the [2Fe]H cluster and the chelating group bridging the
two Fe centers is assumed to be DTMA, it has been proposed
that only the distal Fe center is involved in H2 or H+ binding
(Scheme 1, path a). In particular, Cao and Hall showed that
H2 cleavage on the Fe1 atom of the FeII-FeII complex [(H2)-
(CO)2(CN)Fe(µ-PDT)Fe(CO)(CN)(MeS)]- is kinetically or
thermodynamically hindered when PDT is the ligand chelat-
ing the two Fe centers.11 When the PDT group is substituted
by DTMA, the heterolytic cleavage of H2 mediated by the
N atom of the chelating ligand becomes kinetically favor-
able.12 Similar conclusions were reached by Liu and Hu.13

Protonation of FeI-FeI synthetic models of the [2Fe]H

cluster generally takes place at the Fe-Fe bond, suggesting
that alsoµ-H species might be formed along the catalytic
cycle (Scheme 1, path b). In fact, Fe2 species bearing a
terminal hydride ligand have remained unknown until very
recently, when Rauchfuss and collaborators reported the
characterization of [Fe2(edt)(µ-CO)(H)(CO)(PMe3)4]PF6, which
slowly rearranges to the correspondingµ-H isomer.14 More-
over, DFT calculations indicate that if theµ-CO group moves
to a terminal position, H2 can bind to the proximal Fe
center.15 In particular, Bruschi et al. have investigated H2

binding and activation on the model system [(CO)2(CN)Fe-
(µ-PDT)Fe(CO)(CN)(CH3S)]-, taking into account the pos-
sible involvement ofµ-H intermediate species.16 It turned
out that H2 binds to Fe2, and it can undergo heterolytic
cleavage resulting in coordination of H- to both metal
centers. Zhou et al. recently reached very similar conclu-
sions,17 suggesting that H2 activation in the enzyme involves
both Fe centers. The observation that H2 activation/formation
might follow different reaction routes can also be relevant
for the design of synthetic catalysts. In fact, despite brilliant
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Scheme 1. Plausible Reaction Pathways for H2 or H+ Binding

Chart 1. Schematic Structures of the [2Fe]H Cluster (a) and of a
Classical Structural Synthetic Model9 (b)
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results obtained by synthetic chemists, the catalytic activity
of the enzyme is still orders of magnitude larger than that
reported for synthetic models.

Other theoretical investigations of models of the [2Fe]H

cluster have been recently reported,18-21 disclosing relevant
structure-activity relationships and showing once again that
quantum chemical studies can nicely complement experi-
mental investigations in the characterization of metal-
containing enzymes and related synthetic complexes.22-24

With the aim of contributing to the clarification of the
chemical factors more relevant for catalysis and shedding
light on the peculiar reactivity properties of theisolated
[2Fe]H cluster and related models, we have used DFT to
characterize and compare H+ reduction and H2 oxidation
pathways (Scheme 1, paths a and b). In fact, most DFT
studies reported so far were confined to the investigation of
the H2 cleavage/formation step, along either path a or path
b, precluding a direct comparison of the two pathways.
Moreover, other relevant steps in the catalytic cycle, such
as H+ binding to the [2Fe]H cluster, have received relatively
little attention.

In the first section of the paper, results related to the
protonation of FeI-FeI and FeII-FeI models of the [2Fe]H

cluster are presented and discussed. In the second section,
structures and reaction energy profiles relevant for H2

production/cleavage are presented. To evaluate possible
environmental effects, free-energy values have been com-
puted both in a vacuum and by soaking the complexes in a
polarizable continuum medium (COSMO approach)25 char-
acterized by dielectric constant values commonly used to
model proteins (ε ) 4 and 40).26 In the final section, the
relevance of the present results for the elucidation of the
catalytic mechanism of [Fe] hydrogenases and for the design
of novel synthetic catalysts is discussed.

Methods
Calculations have been carried out with the TURBOMOLE 5.7

suite,27 applying the resolution-of-the-identity technique28 in order
to speed up calculations.

Geometry optimizations and transition-state searches have been
carried out using the pure functional BP86,29 as implemented in
TURBOMOLE, in conjunction with a valence triple-ú basis set with
polarization on all atoms (TZVP),30 a level of theory that has been
shown to be suitable to reliably investigate [Fe] hydrogenase
models.18,20,21

A restricted framework was employed for closed-shell electronic
structures, whereas unrestricted Kohn-Sham calculations were
carried out for open-shell complexes. In light of the available
experimental data and considering the chemical nature of the
ligands, only low-spin species have been investigated.

Stationary points of the energy hypersurface have been located
by means of energy-gradient techniques, and full vibrational analysis
has been carried out to further characterize each stationary point.
Relevant IR bands, computed for all intermediate species, are
available as Supporting Information.

The optimization of transition-state structures has been carried
out according to a procedure based on a pseudo-Newton-Raphson
method. Initially, geometry optimization of a guessed transition-
state structure is carried out by constraining the distance corre-
sponding to the reaction coordinate. Vibrational analysis at the
BP86/TZVP level of the constrained minimum-energy structures
is then carried out, and if one negative eigenmode corresponding
to the reaction coordinate is found, the curvature determined at such
a point is used as the starting point in the transition-state search.
The location of the transition-state structure is carried out using an
eigenvector-following search: the eigenvectors in the Hessian are
sorted in ascending order, with the first one being that associated
with the negative eigenvalue. After the first step, however, the
search is performed by choosing the critical eigenvector with a
maximum overlap criterion, which is based on the dot product with
the eigenvector followed in the previous step.

Free-energy (G) values have been obtained from the electronic
self-consistent-field (SCF) energy considering three contributions
to the total partition function (Q), namely,qtranslational, qrotational, and
qvibrational, under the assumption thatQ may be written as the product
of such terms.31 To evaluate enthalpy and entropy contributions,
the values for temperature and pressure have been set to 298.15 K
and 1 bar, respectively. The scaling factor for the SCF wavenumbers
was set either to 0.9 (default value in the TURBOMOLE script
FREEH, by means of which thermodynamics corrections are
computed) or 0.9914 (a value usually applied with the BP86
functional).32 It turned out that computed∆G values change by
less than 0.5 kcal mol-1 upon switching from 0.9 to 0.9914.
Rotations have been treated classically, and vibrational modes have
been described according to the harmonic approximation.

Effects due to the proteic environment have been simply modeled
according to the COSMO approach.25 In particular, to better evaluate
environmental effects, calculations have been carried out both in a
vacuum (ε ) 1) and by considering a polarizable continuum
medium characterized by two differentε values (ε ) 4 and 40)
that are commonly used to model proteins.26

H+ binding energy values have been computed as the free-energy
difference in the reaction M+ H+ f MH+, where M is the
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binuclear cluster under investigation. Both M and MH+ energies
refer to the fully optimized complexes.

Results and Discussion
H+ Binding to FeI-FeI and FeII -FeI Models of the

[2Fe]H Cluster. H+ binding energy values have been com-
puted in order to evaluate the relative basicity of different
sites in the FeI-FeI and FeII-FeI redox states of the [2Fe]H

models [Fe2(DTMA)(CO)3(CN)2CH3S]3- and [Fe2(DTMA)-
(CO)3(CN)2CH3S]2-. In fact, the X-ray structure of the en-
zyme suggests that Fe1 could be the site of protonation,5

whereas experimental data obtained by studying FeI-FeI

synthetic complexes are generally consistent with the forma-
tion of µ-H species.33 Indeed, it has been recently shown
that the regiochemistry of protonation of functional models
of the [2Fe]H cluster can be affected by the chemical proper-
ties of coligands,34 leading to the conclusion that the predic-
tion of the protonation sites in this class of complexes is
nontrivial.

It turns out that the lowest∆G value for the reaction
between the FeI-FeI complex [Fe2(DTMA)(CO)3(CN)2C-
H3S]3- and H+ corresponds to the formation of theµ-H
adduct (Table 1), while protonation of the distal Fe is less
exergonic by more than 10 kcal mol-1. Therefore, our results
suggest that, when considering theisolated[2Fe]H cluster,
the first step toward H2 production could be the formation
of a µ-H intermediate.

A comparison of the relative H+ binding energy values
computed for the FeII-FeI complex [Fe2(DTMA)(CO)3(CN)2-
CH3S]2- shows that formation of aµ-H species is still more
favored than protonation of Fe1 on theµ-CO isomer.
However, the energy gap between the two tautomers is
smaller for FeII-FeI than for FeI-FeI species (Table 1).

H2 formation on the [2Fe]H cluster in [Fe] hydrogenases
can, at least in principle, take place according to different
reaction pathways (Scheme 1). Indeed, even if a mechanism
for H2 formation that implies the involvement of the Fe1
center and DTMA fits nicely with the available results, the
evidences for the presence of DTMA in the enzyme active
site are only indirect and other H2 activation pathways might
be operative in the enzyme.15,17,35 The investigation of
alternative routes to H2 formation is also relevant to better
understand the chemistry of synthetic models characterized
by a vacant coordination position along the Fe-Fe axis and
possibly drive the design of new catalysts. In fact, our present
study confirms that the Fe-Fe bond is the most basic site
of the isolated[2Fe]H cluster. Notably, the involvement of
µ-H species in the protein active site might imply the
presence of a proton channel connecting the Fe-Fe bond
with the protein surface. The analysis of the structure of the
enzyme active site reveals that the amine group of a lysine
residue (Lys237 in DdHase), which is extremely conserved
in [Fe] hydrogenases (not shown), is involved in a H-bonding
interaction with a CN group of the [2Fe]H cluster and might
shuttle protons from the protein surface to the bimetallic
center.

H2 Production Involving H + Binding to Fe1. In light of
the X-ray structure of the [2Fe]H cluster in the enzyme and
assuming that DTMA is the ligand chelating the two Fe
atoms, a plausible path for H2 production (Scheme 1, path
a) could initially imply H+ binding to the Fe1 atom of the
FeI-FeI form of the model [Fe2(DTMA)(CO)3(CN)2CH3S]3-.
H+ transfer from the environment to the Fe2S3 cluster could
take place via the NH group of the chelating DTMA ligand.
In fact, H+ transfer from the NH2+ group of DTMA to Fe1
(1 f TS1-2 f 2; Figure 1) is almost barrierless (∆G+ )
2.8, 1.1, and 0.7 kcal mol-1 when ε ) 1, 4, and 40,
respectively) and thermodynamically favored (∆G ) -15.6,
-9.5, and -4.7 kcal mol-1 when ε ) 1, 4, and 40,
respectively). In1, one of the CO groups coordinated to Fe1
is bent and weakly interacts with the Fe2 center. Moreover,
the distance between the NH2

+ group of DTMA and Fe1 is
short (2.012 Å). The transition-state structureTS1-2 has a
pronounced reactant-like character, even if the semibridging
CO approaches the Fe2 center. In2, the CO group is almost
symmetrically bound in aµ fashion and the H-Fe1 distance
is 1.513 Å.

Protonation of the DTMA group in the FeII-FeII species
2 leads to3, in which theµ-CO group remains symmetrically
bridged and a nonclassical H bond between the H atom
coordinated to Fe1 and the NH2

+ group of DTMA is formed
(Figure 1), in agreement with previous observations reported
by Fan and Hall.12 Species3 can evolve to4, where H2 is
already formed and coordinated to Fe1, going through the
transition-state structureTS3-4 (Figure 2). The conversion
of 3 f 4 is slightly endergonic whenε g 4 (∆G ) -5.6,
+2.6, and +7.7 kcal mol-1 when ε ) 1, 4, and 40,
respectively), and the corresponding activation free energy(33) Le Borgne, G.; Grandjean, D.; Mathieu, R.; Poilblanc, R.J. Organomet.

Chem.1977, 131, 429. Zhao, X.; Georgakaki, I. P.; Miller, M. L.;
Yarbrough, J. C.; Darensbourg, M. Y.J. Am. Chem. Soc.2001, 123,
9710.
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Table 1. Computed Free Energies Differences (in kcal mol-1) for the
Reaction M+ H+ f MH+, Where M Are FeI-FeI and FeII-FeI Models
of the [2Fe]H Clustera

a The protonation sites are highlighted in boldface. The formal oxidation
state of the Fe ions in M is reported as a reference.
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is less than 0.5 kcal mol-1 larger than the free-energy
difference whenε g 4 (∆Gq ) 0.5, 2.8, and 7.8 kcal mol-1

when ε ) 1, 4, and 40, respectively). InTS3-4, the
transferring H atom is almost equidistant from the N atom
of DTMA and the H atom coordinated to Fe1. In4, theµ-CO
group is closer to the Fe2 center and the H-H distance is
0.869 Å, indicating that the H2 molecule is activated. The
observation that a more polar environment disfavors this
reaction step can be rationalized in light of the zwitterionic
character of the reactant (3), where the positively charged
NH2

+ moiety interacts with the anionic Fe2S3 cluster.

Notably, if the FeII-FeII species3 undergoes monoelectron
reduction,36 the formation of H2 becomes thermodynamically
favored and barrierless; i.e., the FeII-FeI species character-
ized by the simultaneous presence of an H atom coordinated
to Fe1 and the NH2+ group of protonated DTMA does not
correspond to an energy minimum and evolves directly
toward the Fe1-H2 adduct5 (Figure 2). In5, the H-H
distance is shorter (0.812 Å) than that in4 and theµ-CO
group is slightly closer to the Fe2 center. Remarkably,5
spontaneously releases H2 (∆G ) -13.6,-12.8, and-12.3
kcal mol-1 whenε ) 1, 4, and 40, respectively), leading to
the FeII-FeI species6, where the Fe1 center has a regular
square-pyramidal geometry andµ-CO is symmetrically
bridged.

Protonation of the DTMA group in6 leads to7, where
one CN group has moved from its initial position and
interacts with the NH2+ group of protonated DTMA (Figure
3). The observed movement of the CN group could be
hindered in the enzyme active site, where the CN groups
are involved in H-bonding interactions with the protein
matrix.5 Monoelectron reduction of species7 leads to the
parent complex1. It is worth noting that species7 could
also interconvert to the FeII-FeIII complex8 (7 f TS7-8f
8; Figure 3), in which a H+ has moved from the DTMA
ligand to the Fe1 center (∆G ) -11.2,-4.7, and 0.0 kcal
mol-1 when ε ) 1, 4, and 40, respectively). In8, the NH
group of DTMA weakly interacts with the H atom coordi-
nated to Fe1 and theµ-CO group is asymmetrically bound
to the cluster, being closer to Fe1 (Figure 3). The conversion
from 7 to 8 is characterized by a relatively high activation
barrier (∆Gq ) 7.9, 11.6, and 14.5 kcal mol-1 whenε ) 1,
4, and 40, respectively), suggesting that H+ transfer from
DTMA to Fe1 could be kinetically hindered when consider-
ing the FeII-FeI redox state. Moreover, computed∆G and
∆Gq values indicate that the environment can significantly
affect the reaction energy profile for this reaction step. In
particular, a nonpolar environment favors the reaction
because of destabilization of the zwitterionic reactant7.

To make the comparison between paths a and b fully
consistent (see below), we have also investigated path a using
a model system where the [2Fe]H cluster interacts with a
lysine residue (here modeled as butylamine/butylammonium)
spatially placed according to the position of Lys237 in the
enzyme. Indeed, even if the lysine side chain cannot play a
direct role in H2 formation according to path a, its presence
could subtly influence the geometries and relative stabilities
of intermediate species and transition states. In fact, the
conversion1 f 2 becomes barrierless when using the
extended model system. Moreover, the presence of the lysine
side chain slightly affects geometries of intermediates2 and
8 (2-buNH2 and8-buNH2; Figure 4), whereas the structures
and relative stabilities for all other species are essentially
unaffected.

In summary, the above results indicate that initial H+

binding to the Fe1 atom of an FeI-FeI form, followed by
monoelectron reduction and protonation of the DTMA ligand,
can conveniently lead to H2 formation and release, suggesting
that this reaction pathway could be operative within the
enzyme active site. However, if results are discussed in light
of possible suggestions for the design of novel synthetic
catalysts, it should be noted that further protonation of the

(36) Cohen, J.; Kim, K.; Posewitz, M.; Ghirardi, M. L.; Schulten, K.;
Seibert, M.; King, P.Biochem. Soc. Trans.2005, 33, 80.

Figure 1. DFT structures (and formal oxidation states) of intermediates and transition states (in square brackets) of species relevant to the reaction path
a (see Scheme 1).

Figure 2. DFT structures (and formal oxidation states) of intermediates
and transition states (in square brackets) of species relevant to the reaction
path a (see Scheme 1).
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isolated FeII-FeI complex [(µ-H)Fe2(DTMA)(CO)3(C-
N)2CH3S]3- is predicted to take place more easily on the
CN groups than on the DTMA ligand (data not shown). As
a consequence, the formation of H2 should take place on
the species [(µ-H)Fe2DTMA(CO)3(CNH)2CH3S]-. To evalu-
ate to what extent protonation of the CN groups can affect
the energy profile in the H2 formation step, we have also
computed reaction energies and the transition-state structure
along the pathway3′ f 5′, where3′ and5′ (structures not
shown) differ from3 and5 only for the protonation state of
the CN groups. Differently from3, monoelectron reduction
of 3′ results in a stable FeII-FeI intermediate species in which
a H atom is coordinated to Fe1 and the other H atom is still
bound to the N atom of DTMA (3′′, not shown). The
conversion3′′ f 5′ is characterized by∆G ) -5.6, -1.5,
and 1.1 kcal mol-1 and∆Gq ) 0.2, 0.2, and 0.7 kcal mol-1

whenε ) 1, 4, and 40, respectively. Therefore, protonation
of the CN groups decreases the catalytic efficiency of the
complex in the H2 production step, in agreement with the
observation made by Rauchfuss and co-workers about the
role of electron donor ligands in modulating the activity of
complexes capable of catalyzing H+ reduction.34

H2 Production Involving H + Binding to Fe1 and Fe2
(µ Fashion). Prompted by the observation that a lysine
residue (Lys237) might be involved in H+ transfer (see
above), we have studied H2 formation on the [Fe2(DTMA)-
(CO)3(CN)2CH3S]3- model of the [2Fe]H cluster according

to a mechanism that implies the formation ofµ-H intermedi-
ate species (Scheme 1, path b).

The structure of the adduct (9) between butylammonium
and the FeI-FeI form of the [Fe2(DTMA)(CO)3(CN)2CH3S]3-

model, which is characterized by the absence of aµ-CO
group, is shown in Figure 5. In9, H+ transfer from the
ammonium group to the FeI-FeI cluster leads to the FeII-
FeII species10, where a H atom bridges the two Fe ions
(Figure 5). The conversion9 f 10 is thermodynamically
and kinetically facile (∆G ) -24.0,-18.0, and-15.4 kcal
mol-1 and∆Gq ) 1.1, 3.5, and 4.6 kcal mol-1 whenε ) 1,
4, and 40, respectively).37 In TS9-10, the transferring H atom
is closer to Fe2 (1.861 Å) than to Fe1, whereas in10, the H
atom bridges, even if asymmetrically (Fe-H distances)
1.646 and 1.724 Å), the two Fe centers.

(37) It should be noted that that the starting position of butylamine in the
complexes was always chosen to be consistent with the spatial
disposition of the corresponding lysine side chain in the enzyme.
However, no constraints were applied to the butylamine group during
geometry optimization. In fact, the rearrangement of the butylamine
residue during optimization is usually small. Moreover, even when
the geometry of the lysine model changes drastically during optimiza-
tion, the overall reaction profile does not change significantly when
compared to the corresponding results obtained by freezing the position
of the butylamine C atom corresponding to the CR atom of the lysine
amino acid to the corresponding position observed in the enzyme. As
an example, the∆G and ∆Gq values for the conversion13 f 14,
which is characterized by drastic rearrangement of the butylamine
residue, change consistently by less than 3 kcal mol-1, an energy
difference that does not affect our conclusions.

Figure 3. DFT structures (and formal oxidation states) of intermediates and transition states (in square brackets) of species relevant to the reaction path
a (see Scheme 1).

Figure 4. DFT structures of intermediate species2-buNH2 and 8-buNH2, which differ from 2 and 8 by the presence of a butylamine group placed
according to the position of the Lys237 side chain in the enzyme.
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Further protonation of butylamine leads to11, where the
µ-H atom is symmetrically bridged. The transfer of a H+

from butylamonium to the Fe2S3 cluster in11 leads to the
intermediate species12 (Figure 6), where the transferred H
atom is bound to Fe2 and the H-H distance (1.604 Å) is
compatible with a cleaved H2 molecule. The corresponding
transition-state structure (TS11-12) has a pronounced product-
like nature. The conversion11 f 12 is strongly endergonic
(∆G ) 14.8, 18.0, and 20.5 kcal mol-1 whenε ) 1, 4, and
40, respectively), suggesting that this reaction pathway is
hindered. Notably, the endergonicity of the11 f 12 step is
partly due to the strong H bonds between butylammonium
and the CN groups of the anionic cluster, which are lost in
12.

The FeII-FeII species11 could also follow a different
reaction pathway and undergo monoelectron reduction,
leading to the FeII-FeI species13 (Figure 6), in which the
µ-H atom has a strong asymmetric character, being almost
0.2 Å closer to Fe2 than to Fe1. The intermediate species
13 can evolve to14, in which H2 is still activated (H-H

distance) 0.939 Å) and coordinated to Fe2, even though
one of the H atoms interacts with Fe1. The H2 formation
step taking place on the FeII-FeI species13 is thermody-
namically favored whenε < 40 (∆G ) -13.2,-3.1, and
+1.5 kcal mol-1 when ε ) 1, 4, and 40, respectively). A
strongly polar environment leads to a thermodynamically
slightly disfavored reaction step due to overstabilization of
the reactant (13), which can be described as an ion pair
between butylammonium and the anionic Fe2S3 cluster. The
corresponding computed activation free energies (13 f
TS13-14; Figure 6) are 3.6, 7.8, and 9.7 kcal mol-1 whenε

) 1, 4, and 40, respectively, indicating that H2 formation
on an FeII-FeI species can take place quite easily in a weakly
polar environment. H2 release from14 is strongly exergonic
(∆G ) -17.5,-20.7, and-22.9 kcal mol-1 whenε ) 1,
4, and 40, respectively), and protonation of the resulting
FeII-FeI species leads to15 (Figure 7), in which the two Fe
centers have a distorted square-planar geometry and the
vacant coordination sites are along the Fe-Fe axis. H+

transfer from butylammonium to the Fe-Fe moiety15could

Figure 5. DFT structures (and formal oxidation states) of intermediates and transition states (in square brackets) of species relevant to the reaction path
b (see Scheme 1).

Figure 6. DFT structures (and formal oxidation states) of intermediates and transition states (in square brackets) of species relevant to the reaction path
b (see Scheme 1).
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lead to aµ-H FeII-FeIII species (16; Figure 7). However,
this reaction step is kinetically hindered (∆Gq ) 17.7, 21.4,
and 23.2 kcal mol-1 and∆G ) 2.9, 6.2, and 7.1 kcal mol-1

whenε ) 1, 4, and 40, respectively). Note that also in this
case the endergonicity of the15 f 16 step is influenced by
the H bonds formed in15between butylammonium and CN
groups, which are lost in16. Moreover, 15, which is
characterized by a significant charge polarization due to the
presence of the positively charged ammonium moiety, is
more stabilized than16 in a strongly polar environment.

In summary, H2 formation and release can take place also
according to a reaction pathway that implies the initial
formation of aµ-H FeII-FeII species, one-electron reduction,
further protonation of Fe2, and H2 release from an FeII-FeI

species.
It is worth noting that, after protonation of the Fe-Fe bond

and monoelectron reduction, leading to theµ-H species [(µ-
H)Fe2DTMA(CO)3(CN)2CH3S]3-, further protonation of the
isolatedcluster should take place first on the CN groups and
then on butylamine. Therefore, also in this case we have
investigated the H2 formation step on an FeII-FeI complex,
which differs from13 for the protonation state of the two
CN groups (13′; structure not shown), leading to14′, which
is the doubly protonated homologue of14. It turns out that
the ∆G value associated with the13′ f 14′ step becomes
more endergonic (∆G ) -1.3, +3.9, and+6.9 kcal mol-1

when ε ) 1, 4, and 40, respectively) than that for the
homologous step13 f 14, whereas the corresponding
activation barrier (13′ f TS13-14′) does not change sig-
nificantly (∆Gq ) 0.8, 4.6, and 6.9 kcal mol-1 whenε ) 1,
4, and 40, respectively).

H2 Oxidation on Fe1. The results presented in the
previous sections can also be analyzed and discussed
considering the H2 oxidation reaction, i.e., H2 f 2e- + 2H+.
Indeed, the reaction pathway for H2 oxidation could simply
be described as the reverse of the steps discussed for H2

formation. However, this has not to be necessarily valid for
hydrogenases, as was recently underlined by Armstrong and
co-workers, who noted that H2 oxidation and H+ reduction
might imply different catalytic cycles.38

H2 binding to the metal cluster is assumed to be the first
key step in H2 oxidation. In fact, it was previously shown
that H2 binding does not take place on an FeII-FeII species
because H2 cannot displace the O-containing ligand (H2O
or a OH- ion) tightly bound to the oxidized form of the Fe2S3

cluster.11,13,15

H2 binding to the Fe1 atom of the FeII-FeI form of the
Fe2S3 cluster (6 + H2 f 5; Figure 2) is endergonic by 13.6,
12.8, and 12.2 kcal mol-1 when ε ) 1, 4, and 40,
respectively). As expected, a significant contribution (up to
10 kcal mol-1) to the endergonicity comes from the unfavor-
able entropy term due to the diminished rototranslational
freedom of H2.32 It should be noted that the entropy effect
could be partially overcome in the enzyme as a result of
favorable enthalpy contributions in the H2 uptake process
mediated by the protein matrix.

According to our results, H2 cleavage on the FeII-FeI

species5 cannot take place because the product in which a
H atom is coordinated to Fe1 and a H+ is transferred to
DTMA does not correspond to an energy minimum. Mono-
electron oxidation of the FeII-FeI species5 leads to the FeII-
FeII species4, where H2 cleavage (4 f 3) is exergonic when
ε g 4 (∆G ) +4.4, -2.6, and-7.7 kcal mol-1 whenε )
1, 4, and 40, respectively) and it is characterized by a small
activation barrier (∆Gq ) 4.5, 0.1, and 0.1 kcal mol-1 when
ε ) 1, 4, and 40, respectively), in agreement with results
previously reported by Fan and Hall.12 The protonated
DTMA ligand in complex3 can lose a H+ atom, leading to
the FeII-FeII species2, in which the H ion can be transferred
from Fe1 to the amino group of DTMA, leading to the FeI-
FeI species1. However, the latter step is characterized by
unfavorable∆G (15.6, 9.5, and 4.7 kcal mol-1 whenε ) 1,
4, and 40, respectively) and∆Gq values (18.4, 10.6, and 5.4
kcal mol-1 when ε ) 1, 4, and 40, respectively). On the
other hand, if the FeII-FeII complex2 can undergo mono-
electron oxidation, the H-atom transfer taking place on the
resulting FeII-FeIII species8 (leading to7) becomes ther-
modynamically less disfavored (∆G ) 11.2, 4.7, and 0.0
kcal mol-1 whenε ) 1, 4, and 40, respectively). However,
H+ transfer from Fe1 to DTMA is still characterized by large
free-energy barriers (∆Gq ) 19.1, 16.3, and 14.5 kcal mol-1

whenε ) 1, 4, and 40, respectively),
(38) Léger, C.; Jones, A. K.; Roseboom, W.; Albracht, S. P. J.; Armstrong,

F. A. Biochemistry2002, 41, 15736.

Figure 7. DFT structures (and formal oxidation states) of intermediates and transition states (in square brackets) of species relevant to the reaction path
b (see Scheme 1).
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indicating that H+ release from the cluster is the step
characterized by the highest energy barrier in the H2 cleavage
reaction.

H2 Oxidation on Fe2. In light of previous experimental6

and theoretical10 data highlighting a possible equilibrium
betweenµ-CO and terminal CO species, it is conceivable
that H2 binding and activation might involve both Fe centers.
Indeed, the FeII-FeI H2-Fe2 adduct is stable (14; Figure
6), whereas H2 cannot bind to Fe1 in an FeII-FeI isomer
where all CO groups are terminally coordinated. Notably,
H2 binding to Fe2 in the FeII-FeI redox state is endergonic
(∆G ) 17.5, 20.7, and 22.9 kcal mol-1 whenε ) 1, 4, and
40, respectively), and it is more disfavored than H2 binding
to Fe1 in the correspondingµ-CO form (complex5; see
above).

H2 cleavage on the FeII-FeI form 14, mediated by the
amino group of the butylamine residue (14 f TS13-14f
13), is characterized by∆G values equal to+13.1, +3.1,
and-1.5 kcal mol-1 whenε ) 1, 4, and 40, respectively.
The corresponding free-energy barriers are 16.7, 10.9, and
8.2 kcal mol-1. Previous oxidation to an FeII-FeII H2

complex (12; Figure 6) leads to a more favored H2 cleavage
step (12 f TS12-11f 11). In particular, the conversion
from 12 to 11 is strongly exergonic (∆G ) -14.8,-18.0,
and-20.5 kcal mol-1 whenε ) 1, 4, and 40, respectively)
and almost barrierless (∆Gq < 0.5 kcal mol-1).

To better investigate the role of the external acid/base
residue in the H2 cleavage step, we have also studied the
reactivity of the FeII-FeII H2-Fe2S3 complex, in which the
lysine side-chain model has been removed (17; Figure 8).
In 17, the H2 molecule is already strongly activated (H-H
distance) 0.971 Å) and one of the H atoms interacts also
with Fe1. Notably, also an isomer of the H2 adduct in which
the H2 molecule is cleaved (H-H distance) 1.611 Å)
corresponds to an energy minimum (18; Figure 8). Isomers
17 and18 differ in energy by less that 0.5 kcal mol-1, and
the free-energy barrier along the17 f 18 pathway (TS17-
18; Figure 8) is extremely low (∆Gq ) 0.1, 0.2, and 0.4
kcal mol-1 whenε ) 1, 4, and 40, respectively). In light of
these results, it can be concluded that H2 activation can take
place on the FeII-FeII state of the [2Fe]H model without the
involvement of an external base. In other words, the external
base plays its role in the H+ extraction step instead of in the
H2 cleavage step. Indeed, the facile activation of the H2

moiety when coordinated to Fe2 was first proposed by

Bruschi et al.,16 and it has very recently found support from
other theoretical studies.39

Deprotonation of the lysine side-chain model in11 leads
to 10 (Figure 5), in which H+ transfer from Fe2 to the amine
group, leading to9, is thermodynamically and kinetically
hindered (∆G ) 24.0, 18.0, and 15.4 kcal mol-1 and∆Gq

) 25.1, 21.5, and 20.0 kcal mol-1 whenε ) 1, 4, and 40,
respectively). On the other hand, if10 is oxidized to the
corresponding FeIII-FeII species16, the H+ atom transfer to
the amine residue becomes exergonic (16f 15; ∆G ) -2.9,
-6.2, and -7.1 kcal mol-1 when ε ) 1, 4, and 40,
respectively) mainly because of the formation of strong H
bonds in15. However, this step is still characterized by a
large energy barrier (∆Gq ) 14.9, 15.2, and 16.2 kcal mol-1

when ε ) 1, 4, and 40, respectively), confirming that the
step corresponding to the second H+ extraction from the
isolated[2Fe]H cluster is characterized by the largest energy
barriers in the H2 cleavage pathway.

Conclusions

The analysis and comparison of the results obtained
investigating H+ reactivity on FeI-FeI models of theisolated
[2Fe]H cluster indicate that H2 formation can take place
according to reaction pathways that imply initial protonation
of the FeI-FeI form, leading to a formal FeII-FeII hydride
species, subsequent monoelectron reduction to an FeII-FeI

species, further protonation, and H2 release. A comparison
of pathways involving either the initial protonation of Fe1
or protonation of the Fe-Fe bond shows also that the former
pathway is characterized by smaller activation barriers, as
well as a downhill free-energy profile, suggesting that it could
be the H2 production pathway operative in the enzyme.
However, initial H+ binding to the Fe-Fe bond in the
isolated[2Fe]H cluster is thermodynamically more favored
than protonation of the Fe1 center. In this context, the
investigation of the whole H cluster is predicted to be crucial
to understanding to what extent the Fe4S4 cluster can
influence the reactivity of the [2Fe]H cluster.

The pathway that implies the formation ofµ-H FeII-FeII

species is characterized by slightly larger barriers in the H2

formation step. The latter observation can be relevant for
the design of novel catalysts for H+ reduction because it
implies that even if the structure of the synthetic models does

(39) Zhou, T.; Mo, Y.; Zhou, Z.; Tsai, K.Inorg. Chem.2005, 44, 4941.

Figure 8. DFT structures (and formal oxidation states) of intermediates and transition states (in brackets) of species relevant to H2 activation according to
the reaction path b (see Scheme 1).
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not resemble the structure of the [2Fe]H cluster in the enzyme,
i.e., even if a CO group does not bridge the Fe centers, the
bimetallic cluster can, nevertheless, be characterized by
remarkable catalytic properties if H2 formation takes place
on an FeII-FeII species.

H2 formation can take place quite easily also on an FeII-
FeII species characterized by terminal coordination of H to
Fe1 (3 f 4; Figure 2), whereas it is strongly hindered on
the correspondingµ-H FeII-FeIII species (11 f 12; Figure
6), in very good agreement with data recently reported by
Rauchfuss and collaborators, showing that the FeII-FeII

complex [Fe2(edt)(µ-CO)(H)(CO)(PMe3)4]PF6 reacts with
Bronsted acids to give H2, while isomericµ-H compounds
are nonreactive.14

H2 cleavage can take place easily on FeII-FeII redox forms,
in full agreement with previous results by Fan and Hall,12

whereas it cannot take place or it is kinetically hindered on
FeII-FeI species characterized by aµ-CO or all terminal CO
groups, respectively. In particular, H2 cleavage on an FeII-
FeII form characterized by terminal CO groups does not need
the involvement of an external base, which is only required
to remove H+ from the Fe2S3 cluster. Notably, the second
H+ extraction from the [2Fe]H cluster models is thermody-
namically difficult on FeII-FeII species because the resulting

FeI-FeI forms are strong bases. Previous oxidation to FeIII-
FeII species makes the H+ extraction from the cluster
thermodynamically more favored. Moreover, in light of the
present results, the extraction of the second H+ from the
cluster is proposed to correspond to the rate-limiting step in
H2 oxidation, both considering FeII-FeII and FeII-FeIII

species.

A comparison of H2 oxidation and H+ reduction pathways
reveals also that the two reactions might follow different
routes (Scheme 2). In particular, H2 formation could involve
only FeI-FeI, FeII-FeI, and FeII-FeII species, whereas in
the H2 cleavage catalytic cycle FeIII-FeII species might be
relevant.
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Scheme 2. Plausible Catalytic Cycles for H2 Oxidation and H+ Reduction, As Deduced by DFT Calculations
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