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ABSTRACT: A comparative analysis of a series of DFT models of [NiFe]-
hydrogenases, ranging from minimal NiFe clusters to very large systems
including both the first and second coordination sphere of the bimetallic
cofactor, was carried out with the aim of unraveling which stereoelectronic
properties of the active site of [NiFe]-hydrogenases are crucial for efficient H2
binding and cleavage. H2 binding to the Ni-SIa redox state is energetically
favored (by 4.0 kcal mol−1) only when H2 binds to Ni, the NiFe metal cluster
is in a low spin state, and the Ni cysteine ligands have a peculiar seesaw
coordination geometry, which in the enzyme is stabilized by the protein
environment. The influence of the Ni coordination geometry on the H2 binding affinity was then quantitatively evaluated and
rationalized analyzing frontier molecular orbitals and populations. Several plausible reaction pathways leading to H2 cleavage
were also studied. It turned out that a two-step pathway, where H2 cleavage takes place on the Ni-SIa redox state of the enzyme, is
characterized by very low reaction barriers and favorable reaction energies. More importantly, the seesaw coordination geometry
of Ni was found to be a key feature for facile H2 cleavage. The discovery of the crucial influence of the Ni coordination geometry
on H2 binding and activation in the active site of [NiFe]-hydrogenases could be exploited in the design of novel biomimetic
synthetic catalysts.

■ INTRODUCTION

H2 plays a central role in many chemical processes, and it has
promising potential as an environmentally friendly energy
carrier. However, a key requirement for the realization of large-
scale and sustainable processes, in which H2 is used for energy
storage and delivery, is the development of new catalysts based
on inexpensive metals.1

Hydrogenases are enzymes involved in the metabolism of H2

and can be classified, according to the composition of their
active site, into three families: [NiFe]-, [FeFe]-, and [Fe]-
hydrogenases.2,3 [NiFe]- and [FeFe]-hydrogenases are classical
hydrogenases and catalyze the reversible oxidation of H2.

4,5

Since in vivo [NiFe]-hydrogenases are generally involved in H2

oxidation whereas most [FeFe]-hydrogenases are involved in
H2 production, the former are very promising targets for
reverse engineering studies aimed at disclosing the stereo-
electronic features needed for efficient H2 binding and cleavage,
and therefore drive the design of bioinspired catalysts.6−8

In the active site of [NiFe]-hydrogenases, the Ni atom is
coordinated by four cysteine residues: two in a terminal fashion
and two bridged between the Ni and Fe atoms. The Fe atom is
also coordinated by three non-proteic ligands, identified by
FTIR and X-ray studies as two CN− and one CO. A third
ligand bridges the two metal atoms in several enzyme forms: an
oxygen-containing ligand in oxidized inactive forms and a
hydride in reduced active forms.9−16 Therefore, the coordina-
tion environment of Fe and Ni in these enzyme forms can be

described as octahedral and distorted trigonal bipyramidal,
respectively.
The characterization of several forms of [NiFe]-hydro-

genases, differing for their redox and/or protonation state,
allowed also to outline key features of the enzyme reactivity
(Scheme 1).16−18
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Scheme 1. Activation Mechanism and Catalytic Cycle of
[NiFe]-Hydrogenasea

aX is an oxygen containing species (probably H2O) which leaves the
active site in the activation process. The part of the catalytic cycle
explicitly investigated in this work is shown in red.
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The oxidized states of [NiFe]-hydrogenases are catalytically
inactive and generally referred to as Ni-A and Ni-B. One-
electron reduction of the Ni-A and Ni-B forms yields EPR-
silent species referred to as Ni-SU and Ni-SIr, respectively.
Protonation of Ni-SIr and subsequent dissociation of the
oxygen containing ligand from the active site yields the Ni-SIa,
form, which has been suggested to correspond to the redox
species that binds and activates H2. In Ni-SIa, both the Ni and
Fe atoms have the formal NiIIFeII oxidation state, and are four-
and five-coordinated, respectively; i.e., the metal ions are both
characterized by one vacant coordination position, where H2

might bind.
Reduction and protonation of the Ni-SIa form yields a

catalytically active paramagnetic form, usually referred to as Ni-
C, which corresponds to a NiIIIFeII species characterized by a
hydride ligand bridging the two metal ions. One electron
reduction of Ni-C leads to the most reduced active form of the
enzyme, which is usually referred to as Ni-R. Experimental and
computational results converge in the description of the Ni-R
form as a species featuring a hydride ligand simultaneously
coordinated to NiII and FeII. In addition, three distinct forms of
Ni-R (Ni-R1, Ni-R2, Ni-R3), which differ for the protonation
state, have been identified by IR spectroscopy and theoretical
calculations.19−21

Even if several [NiFe]-hydrogenase redox forms have been
characterized (Scheme 1), some key details about the reactivity
of the enzyme are still fuzzy. One ambiguity is related to the
spin state and coordination geometry of NiII in the Ni-SIa state
of the enzyme. In general, when considering sterically
unstrained species, four-coordinated low spin NiII (S = 0)
complexes are expected to be characterized by square planar
geometry, whereas high spin NiII (S = 1) species should have
tetrahedral geometry. In fact, in most crystallographic structures
of [NiFe]-hydrogenases, the Ni atom is five-coordinated, due to
the presence of a non-amino-acidic bridging ligand (referred to
as X in Scheme 2), and features distorted trigonal bipyramidal
geometry. Removal of the exogenous bridging ligand, as occurs

when the Ni-SIa state of the enzyme is formed, might leave the
NiII atom in a peculiar seesaw coordination geometry, if the
protein backbone does not allow relaxation of the Ni ligands
(Scheme 2).
Another ambiguity is related to the site of H2 binding. In fact,

a species in which H2 is coordinated to the enzyme active site,
but not yet cleaved, is expected to be very short-lived and has
not yet been characterized experimentally. Initial DFT
calculations carried out using simple models of the NiIIFeII

Ni-SIa form of the active site showed that H2 can be weakly
bound to the five-coordinated FeII atom, whereas the
corresponding adduct between the NiII ion and H2 is
unstable.22 However, this observation was difficult to reconcile
with the experimental observation that the gas channel
connecting the enzyme surface with the active site ends in
front of the Ni atom.23 Notably, more recent DFT results,
obtained using computational models of the active site in which
the positions of the four cysteine residues forming the Ni
coordination environment were constrained to the correspond-
ing positions observed in the X-ray structure of the enzyme,
indicated that both Ni−H2 and Fe−H2 adducts correspond to
plausible intermediate species in the catalytic mechanism.24

According to experimental and computational results, H2

cleavage should eventually lead to the formation of a species in
which one hydrogen atom ends up as a bridging hydride and
the other as a proton bound to a terminal cysteine. However,
the redox state of the Ni ion when H2 cleavage takes place is
still controversial. In fact, also in this case, computational results
depend to some extent on the chemical models adopted in the
calculations: H2 cleavage is predicted to be more likely on a
NiIIIFeII species when small models of the NiFe cofactor are
considered, whereas calculations carried out using larger models
(i.e., including the effect of the environment of the NiFe
cofactor) suggest that H2 cleavage can already take place at the
NiIIFeII redox state.17,22,24−26 Previous computational studies
explored also a scenario where H2 could bind and be cleaved on
an active site form in which a hydride ligand is already bridged

Scheme 2. Coordination Geometry of NiII in the NiFe Clustera

aRemoval of the bridging ligand X might leave the NiII ion in a seesaw geometry, which differs from the classical square planar or tetrahedral
geometries expected for low or high spin NiII complexes, respectively.
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between the two metal ions.27 As far as NiII is assumed for H2
cleavage, parallel mode EPR,28 saturation magnetization,29 and
UV−visible MCD30 investigations suggest a low spin NiII,
whereas L-edge X-ray absorption spectroscopy31 suggests a
high spin NiII. In this respect, calculation of relative stabilities
by DFT can be of little aid due to its known inherent
limitations in predicting the correct ground state among
different spin states.32,33

With the aim of contributing to shed more light on the
reactivity of [NiFe]-hydrogenase and, more specifically, disclose
which stereoelectronic properties of their active site are crucial
for efficient H2 binding and cleavage, we have adopted a
comparative approach, using DFT to study a series of systems
ranging from minimal models of the active site, to very large
models in which all the aminoacids forming the first and second
coordination sphere of the NiFe cluster have been explicitly
included. The paper is outlined as follows: In the first section,
we present results obtained studying the interaction of H2 with
the Ni-SIa redox form of the enzyme, with the aim of
characterizing the H2 binding site in [NiFe]-hydrogenases. In
the second section, results obtained investigating several
plausible reaction pathways leading to H2 cleavage, considering
both heterolytic cleavage and oxidative addition, are presented
and compared. In the final section, the stereoelectronic
properties of the active site of [NiFe]-hydrogenases that are
crucial for efficient H2 binding and cleavage are discussed in the
context of the rational design of novel bioinspired catalysts for
H2 oxidation.

■ METHODS
Computational Models of the [NiFe]-Hydrogenases. The

starting structure for the DFT calculations was based on the X-ray
geometry of the Allochromatium vinosum (pdb code: 3MYR) [NiFe]-
hydrogenase,34 in which the oxo ligand bridging the Ni and Fe ions
was removed, in order to obtain the Ni-SIa coordination environment,
where Ni and Fe are four- and five-coordinated, respectively. In the
following, the residues are numbered according to the 3MYR structure
(all residues included in the models belong to the large chain of the
enzyme, with the exception of Thr17 which belongs to the small chain
and, for the sake of clarity, is labeled as Thr17(S)).
Three models of different size have been considered to investigate

the effect of the protein environment on the stereoelectronic
properties of the active site of [NiFe]-hydrogenases. The validity of
such an approach (cluster models) for the DFT investigation of
transition metal containing enzymes has been extensively dis-
cussed.35−37

The largest model, which is schematically shown in Figure 1,
contains up to 290 atoms and has a size of about 18 Å. This model
includes in its core the bimetallic NiFe cluster, with two CN− and one
CO ligands coordinated to the Fe atom, two cysteine residues
terminally coordinated to Ni, and two further cysteine residues
bridging the two metal atoms. In the enzyme, two pairs of terminal and
bridging cysteine residues (Cys61/Cys64 and Cys555/558) belong to
two different Ni binding motifs located at the N- and C-termini of the
large subunit. In each binding motif, the cysteine residues are
separated by two other residues, which are also contained in the
model, so that the pairs Cys61/Cys64 and Cys555/558 are covalently
linked together, forming two peptide chains composed by four
residues. For the peptide chain Cys555-Ile556-Ala557-Cys558, only
the backbone atoms of Ile556 and Ala557 are included in the model,
since their side chains are oriented far from the active site, whereas for
the peptide chain Cys61-Gly62-Val63-Cys64 the side chain of Val63 is
included in the model, since it is close to the vacant coordination site
on Ni. These two peptide chains are terminated by selected backbone
atoms of residues Ile60, Thr65, Pro554, and Ala559. The second
coordination sphere of the NiFe cluster includes the side chains of

residues Thr17(S), Asp103, Leu490, Arg487, and Asp553, terminated
at the Cα atoms; a peptide chain containing the residues His68 and
Val67; a peptide chain containing the carbonyl and the Cα atoms of
Val507, and the entire residues Val508, Pro509, and Ser510; and
finally a peptide chain containing the carbonyl and Cα atoms of Ile13,
the entire residue Glu14, and the N and Cα atoms of Gly15. The
truncated residues were saturated with hydrogens. A detailed list of the
atoms composing the model is reported in the Supporting Information
(Table S1). During geometry optimizations, selected atoms have been
constrained to the crystallographic positions, in order to avoid
unrealistic distortions at the boundary of the model. These atoms are
also indicated in Table S1 (Supporting Information).

Arg487, Asp553, and Asp103 have been included in the model,
since they form a network of H-bonds which also involves one CN−

ligand, whereas Ser510 is H-bonded to the other CN− ligand through
its hydroxyl and amide hydrogens. Val67, Leu490, Val508, and Pro509
have been selected because they form a hydrophobic pocket
surrounding the Fe(CN)2(CO) group.

His68 is close to the bimetallic cluster, and when protonated at the
εN atom, it can form a H-bond with the sulfur atom of the bridging
Cys558. Three protonation states are possible for this residue
depending on whether δN, εN, or both atoms are protonated.
These protonation states have been investigated in detail by Neese et
al.,38 using a model based on the X-ray structure of the Desulfovibrio
vulgaris Miyazaki F [NiFe]-hydrogenase; it was concluded that the
best comparison between experimental and theoretical data is obtained
when His68 is protonated at the εN atom. On the basis of these
results, His68 was always modeled as protonated at the εN atom.

The carboxyl group of Glu14 is close to the sulfur atom of Cys555,
and it was proposed to be involved in proton transfer from/to the
bimetallic cluster.39−41 In the X-ray structure of the enzyme from
Allochromatium vinosum, it forms H-bonds with Ala557 and Thr17(S),
which were also retained in the model. When investigating H2 binding
to the active site, Glu14 has been modeled both as glutamate and
glutamic acid. In the latter case, the proton forms a H-bond with
Cys555. Selected backbone atoms of the adjacent residues Ile13 and
Gly15 were also added to the model, since they form H-bonds with
residues Pro554 and Ile556 belonging to the Cys555/Cys558 binding
motif.

A sequence alignment of the large chain of several [NiFe]-
hydrogenases, reported in Figure S1 (Supporting Information), shows
that residues for which the side chain is included in the model are
conserved, emphasizing the possible relevance of these residues in the

Figure 1. Schematic representation of the largest DFT model of the
active site used in this work, derived from the X-ray crystal structure of
the [NiFe]-hydrogenase from Allocromatium vinosum (pdb code
3MYR).
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catalytic mechanism of the enzyme. Only backbone atoms of non-
conserved residues are included in the model, generally to terminate
peptide chains. Exceptions are Val67 and Ser510. The former is
replaced by Thr, Ser, Cys, or Ala residues in other [NiFe]-
hydrogenases, whereas the latter can be replaced by a Thr residue.
A mutagenesis study carried out on the Cys residue replacing Val67 in
the [NiFe]-hydrogenase from Ralstonia eutropha showed that the
effect of the amino-acid substitution on the activity of the enzyme is
rather small.42,43

The medium-size model contains up to 122 atoms. This model has
been used for optimizations of both minimum energy structures and
transition states along the H2 cleavage pathways. The model contains
the first coordination sphere of the NiFe cluster, with the cysteine
residues terminated at Cα atoms. In the second coordination sphere,
the model includes the side chains of Asp103, Asp553, His68, and
Thr17(S) terminated at Cβ atoms; the side chain of Glu14 terminated
at the Cγ atom; and the side chain of Arg487 terminated at the Cδ
atom. The model also contains the side chain of Ser510 and the
backbone atoms of Ile556 and Ala557, which are involved in a H-bond
network with Glu14. A detailed list of the atoms constituting the
medium-size model is given in the Supporting Information (Table S2).
For the medium-size model, initial coordinates were taken from the
corresponding optimized structure of the large-size model. During
geometry optimizations, terminal atoms were constrained to their
initial positions (see Table S2, Supporting Information).
A minimal model including only the ligands of the first coordination

s p h e r e o f t h e t w o m e t a l a t om s , w i t h f o rm u l a
[(CH3S)4Ni

IIFeII(CN)2(CO)]
2−, has also been considered. In this

model, the four cysteine residues are terminated at the Cβ atoms and
they are therefore modeled as methylthiolates.
DFT Calculations. Quantum mechanics (QM) calculations have

been carried out in the DFT framework with the TURBOMOLE 6.4
suite of programs44 by using the BP86 functional45,46 in conjunction
with the resolution-of-the-identity (RI) technique.47 In the large- and
medium-size models, an all-electron valence triple-ζ basis set with
polarization functions TZVP48 has been used for Ni, Fe, the atoms of
the first coordination sphere, and the residue Glu14. For all other
atoms, the double-ζ basis set SV(P)49 has been used (for details, see
the Supporting Information). In the minimal model, the TZVP basis
set is used for all atoms.
The effects of the protein environment surrounding the models

have been modeled according to the conductor-like screening model
(COSMO)50,51 by considering a polarizable continuum medium with
ε = 4. In the case of the large model, geometry optimizations have
been carried out in the polarizable continuum medium, whereas for
the medium-size model only single point calculations in the polarizable
continuum medium have been performed on the geometries optimized
in a vacuum. It is interesting to note that energy differences calculated
in a vacuum and in the polarizable continuum medium are very similar,
indicating that the size of the models is large enough to be insensitive
to nonspecific polarizing effects of the protein environment. The work
mainly focuses on H2 binding and cleavage on the putative NiIIFeII Ni-
SIa form of the enzyme. Both singlet (S = 0) and triplet (S = 1) spin
states for the Ni atom have been considered. For comparative
purposes with previous proposed mechanisms, H2 binding and
cleavage have also been investigated on the NiIFeII (S = 1/2) and
low spin NiIIIFeII (S = 1/2) redox states of the active site.
Geometry optimizations of the species along the NiIIFeII pathways

have been performed by including the dispersion interactions
correction given by the DFT-D3 Grimme scheme52−54 on the large
model, as implemented in TURBOMOLE,55 and in order to verify the
consistency of results, we have also carried out calculations for the
energetically most favored pathways using the M06L functional and
the TZVP-SV(P) basis set, on the medium-size model (see the
Supporting Information).56 Calculations with the M06L functional
have been performed using the Gaussian 09 program.57 The results
obtained by both including the dispersion interactions correction and
using the M06L functional are consistent with those obtained by using
the BP86-COSMO scheme and, for the sake of clarity, will be not
further commented on in the text (see Tables S5 and S9 in the

Supporting Information for the comparison among the energy
differences calculated using the different schemes).

Vibrational analysis has been carried out for all species optimized
using the medium-size model. Due to the atoms constrained at the
original positions, several very small negative eigenvalues of the
Hessian were computed. These eigenvalues correspond to torsional
vibrational modes involving the constrained atoms.

Transition state search has been performed according to a pseudo
Newton−Raphson procedure. First, a geometry optimization of a
transition state guess geometry, in which selected internal coordinates
are constrained, was performed. The Hessian of such an optimized
geometry was then computed, and if one negative eigenvector
corresponding to the reaction coordinate was found, the geometry was
used as the starting point for the successive optimization steps
appliying the trust-region image minimization method,58 which is
designed to maximize the energy along one of the eigenvectors (i.e.,
the chemically relevant one), while minimizing it in all other
directions. As discussed above, the presence of constrained atoms
resulted in the occurrence of several imaginary frequencies. However,
the eigenvector corresponding to the reaction coordinate was easily
identified as the one with an eigenvalue much lower than the other
negative eigenvalues.

Energy profiles as a function of the Sa−Ni−Sb angle (see Scheme 2
for atom labeling) have been calculated for the small model
[(CH3S)4Ni

IIFeII(CN)2(CO)]
2−, which includes only the ligands of

the first coordination sphere (12S). The model labeled 12S-P results
from a constrained geometry optimization of 12S, in which all atoms
with the exception of hydrogens have been fixed at the position
computed for the large model (see the Results and Discussion for
model labeling). It should be noted that full geometry optimization of
12S does not lead to the absolute minimum, because rotation of the
CH3 groups leads to a conformation lower in energy by 1.1 kcal mol−1.
However, we will consider 12S as the reference geometry for the square
planar form, since it provides the smallest reorganization of the
pendant groups when moving from 12S-P to 12S. Geometry
optimizations of 12S have also been carried out constraining the Sa−
Ni−Sb angle at selected values from 160 to 100°. The same protocol
has been applied to the H2-bounded form of 12S (

12S-NiH2
). The H2

binding energy as a function of the Sa−Ni−Sb angle was then
calculated as the energy difference between products and reactants for
the reaction

‐+ →2 2 NiH1
S

1
S H2 2

in which 12S and
12S-NiH2

feature the same Sa−Ni−Sb angle.
Energy profiles as a function of the Sa−Ni−Sb angle have also been

calculated on the mononuclear model [(CH3S)4Ni
II]2−, which includes

the Ni ion and its first coordination sphere, using the same procedure
described above.

■ RESULTS AND DISCUSSION

H2 Binding to the Ni-SIa Form. Initially, with the aim of
characterizing the H2 binding site in [NiFe]-hydrogenases, we
have studied the interaction of H2 with the Ni-SIa redox form of
the enzyme. Both low and high spin states have been taken into
account.
The computational model used in this investigation has been

derived from the crystallographic structure of the [NiFe]-
hydrogenase from Allochromatium vinosum, which should
correspond to the Ni-B form, and therefore features an oxo-
containing ligand which bridges the two metal atoms in the
active site. The removal of this ligand from the crystallographic
structure, to generate models of the Ni-SIa form, leaves the Ni
atom in a distorted seesaw conformation in which the Sa−Ni−
Sb and Sc−Ni−Sd angles are 109.2 and 165.8°, respectively (see
Scheme 2 for atom labeling).
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Throughout the paper, computational models will be labeled
according to the general scheme iK-X, where i = spin state of
the complex, K = formal oxidation state of the Ni ion, and X =
specific chemical nature of the complex. For the sake of clarity,
when necessary, the size of the model (S, M, and L for small,
medium, and large models, respectively) will be indicated as a
subscript after K.
Geometry optimization of a large model of the Ni-SIa form

(see the Methods for details), either in the low or high spin
state (12L and

32L, respectively), does not lead to a significant
structural rearrangement of the Ni coordination sphere relative
to the X-ray structure. In particular, the Sa−Ni−Sb and Sc−Ni−
Sd angles in the geometry optimized models are 123.9 and
150.7°, respectively, for the low spin NiII model and 121.9 and
155.5°, respectively, for the high spin NiII model. In order to
check the influence of the constraints imposed to the terminal
atoms of the model on the Ni coordination geometry, we also
performed geometry optimization after removing all of the
constraints on the atoms which are covalently connected to the
metal cluster (i.e., all constraints on atoms of the two Ni-
binding motifs). However, the geometry of the Ni atom
remained essentially identical to the one obtained from the
corresponding constrained geometry optimization.
The role of the protein environment in tuning the

coordination geometry of Ni in the Ni-SIa form is highlighted
by the analysis of the geometries obtained using a medium-size
model (see the Methods for details). In particular, for the low

spin species (12M), the Sa−Ni−Sb angle is significantly larger
than in the corresponding large model (Sa−Ni−Sb = 137.8°,
Sc−Ni−Sd = 160.4°), indicating that the conformation is
approaching the square planar geometry, whereas for the high
spin species (32M) the Sc−Ni−Sd angle decreases considerably
(Sa−Ni−Sb = 110.0°, Sc−Ni−Sd = 106.0°), indicating that the
conformation is approaching the tetrahedral geometry.
In light of the results obtained with large- and medium-sized

models, it can be suggested that the seesaw conformation of the
bimetallic cluster in the Ni-SIa form may be favored by the
network of H-bonds occurring nearby the active site. In
particular, the Cys555/Cys558 binding motif is included in a
small α-helix at the C-terminus of the large subunit, which may
be crucial for the coordination geometry of the thiol ligands. In
addition, the H-bonds between His68/Cys558, Glu14/Pro554,
Ile556/Glu14, and Cys555/Ser510 can impart further rigidity
to the structure of the active site.
The computed energy difference between the low and high

spin forms of Ni-SIa, calculated using the large model, is 6.7 kcal
mol−1 in favor of the former. However, due to the known
inherent limitations of DFT in predicting the correct ground
state among different spin states,32,33 we cannot consider this
value as reliable for the correct assignment of the spin state of
the Ni-SIa form. More relevantly for the aim of our study,
binding of H2 to the low spin NiII atom in 12L is favorable
(−4.0 kcal mol−1; 12L-NiH2

; see Scheme 3), whereas the
corresponding adduct in which H2 binds to the FeII ion is

Scheme 3. Schematic Representation of the Possible Reaction Pathways for H2 Binding to the Ni-SIa Form of the Active Site of
[NiFe]-Hydrogenasesa

aValues in bold refer to calculations performed using the large model, whereas values in italic refer to calculations performed using the medium-size
model. Energies are in kcal mol−1.
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unstable, resulting in H2 release from Fe and binding to Ni
during geometry optimization. As for the high spin NiIIFeII Ni-
SIa model, H2 can bind to both Ni and Fe ions, but in both
cases, the reaction is endoenergetic by 5.3 and 3.7 kcal mol−1,
respectively (32L-NiH2

and 32L-FeH2
in Scheme 3). Therefore,

the metal atom featuring the highest affinity for H2 is the Ni ion
in the low spin NiIIFeII redox state of the enzyme. 12L-NiH2

is
characterized by a distorted trigonal bipyramidal geometry, with
the Sa−Ni−Sb and Sc−Ni−Sd angles equal to 110.3 and 174.5°,
respectively, and with the H2 atoms at 1.63 and 1.64 Å from the
Ni ion.
The investigation of H2 binding using medium-size models

highlights again the noninnocent role of the protein environ-
ment. In fact, binding of H2 to the low spin NiII atom in the
medium-size model (12M-NiH2

) is endoenergetic by 2.4 kcal
mol−1. In addition, H2 does not bind to Ni in the high spin
species, whereas it can still bind to Fe (32M-FeH2

) but with a
reaction endoenergetic by 12.6 kcal mol−1.
With the aim of revealing which stereoelectronic factors are

crucial for the observed regiochemistry of H2 binding, we have
studied also minimal models of the [NiFe]-hydrogenase active
site, which include only the first coordination sphere of the
metal ions. The unrestrained optimization of the low spin
[(CH3S)4Ni

IIFeII(CN)2(CO)]
2− model (12S) yields a structure

which differs from the corresponding optimized structure of the
large model 12L mainly for the Sa−Ni−Sb angle (Sa−Ni−Sb and
Sc−Ni−Sd = 160.4 and 168.8°, respectively in 12S). In other
words, the Ni coordination sphere can be described as having a
distorted square planar geometry in the small model 12S,
differently from the distorted seesaw geometry observed in 12L
(see Scheme 4).

H2 cannot bind to the Ni ion in 12S (the geometry
optimization of the H2 adduct leads to dissociation of H2),
whereas it can bind to the Fe atom (ΔE = −1.9 kcal mol−1). On
the other hand, in a 12S model variant (hereafter labeled as 12S-
P) in which all atoms with the exception of hydrogens were
constrained to the positions calculated for the large model 12L,
H2 can bind the Ni atom (ΔE = −1.2 kcal mol−1), whereas H2
binding to the Fe atom does not take place. Therefore, the
comparison between unconstrained and constrained small
models of the [NiFe]-hydrogenase active site clearly highlights
that the geometry of the ligands coordinated to the Ni atom is a
crucial factor for the regiochemistry of H2 binding.
To better evaluate the effect of the Ni coordination geometry

on the regiochemistry of H2 binding, we have also studied the
energetics of H2 binding as a function of the Sa−Ni−Sb angle,

carrying out a series of geometry optimizations of 12S and the
corresponding H2 adduct (12S-NiH2

), in which the Sa−Ni−Sb
angle was kept fixed at several values in the range 100−160°. It
turned out that the Ni−H2 adduct can be formed only when
the Sa−Ni−Sb angle is lower than 135°. As shown in Figure 2,

the corresponding reaction energy varies from about +3 kcal
mol−1 when the Sa−Ni−Sa angle is 135° to about −5 kcal mol−1
when the angle is 102.5°. Correspondingly, the energy of 12S
increases with the bending of the Sa−Ni−Sb angle (see Figure
2). In particular, 12S-P is about 11 kcal mol−1 higher in energy
than the unconstrained 12S model. Therefore, the data reported
in Figure 2 highlight a trade-off between the H2 binding energy,
which becomes more favorable for lower angles, and the
destabilization of the cofactor, which increases for lower angles.
Finally, we have also studied H2 binding to the minimal

[(CH3S)4Ni]
2− model, which is obtained by removing the

Fe(CN)2(CO) moiety from 12S, to evaluate how the Fe-
(CN)2(CO) moiety affects H2 binding. [(CH3S)4Ni]

2− can
bind H2 only when the Sa−Ni−Sb angle is lower than 130°, and
the H2 binding energy is systematically less favorable by about 3
kcal mol−1 than in 12S. In addition, as shown in Figure 2, the
energy of the [(CH3S)4Ni]

2− complex as a function of the Sa−
Ni−Sb angle increases more steeply than for 12S.
To rationalize the effect of the Sa−Ni−Sb angle on the

regiochemistry of H2 binding, we have analyzed the frontier
molecular orbitals (FMOs) of 12S (see Figure 3 and Figure S2
in the Supporting Information).
In the unconstrained 12S structure, the LUMO is mainly

localized on the Fe atom and features a lobe with an orientation
well suited to act as an electron acceptor in H2 binding (Figure
3), whereas the HOMO can be described as an antibonding
combination of the p orbitals of the terminal S atoms and one d
orbital of the Ni atom (see Figure S2 in the Supporting
Information). When considering the FMOs of 12S-P, the
LUMO is mainly localized on the Ni atom and a lobe is

Scheme 4. Distorted Seesaw Geometry of Ni in the Large
Model 12L Corresponding to the Ni-SIa State of the Enzyme
(left) and Distorted Square Planar Geometry in the Small
Model 12S (right)

a

aSmooth transition between the two geometries can be obtained
varying the angle Sb−Ni−Sa.

Figure 2. H2 binding energy to Ni calculated as a function of the Sa−
Ni−Sb angle for the complex 12S (blue line with square symbols) and
the complex [(CH3S)4Ni]

2− (red line with square symbols). Energy
variation calculated as a function of the Sa−Ni−Sb angle with respect
to the optimum geometry for the complex 12S (blue line with circle
symbols) and the complex [(CH3S)4Ni]

2− (red line with circle
symbols). Only results in the range 100−135° are reported, because
H2 does not bind to Ni for larger values of the angle. Vertical green
and violet dashed lines indicate the values of the Sa−Ni−Sb angle
measured in 12L and

12L-NiH2
, respectively.
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oriented in the region between the two metal atoms. Inspection
of the orbital energies reveals that only the LUMO energy is
affected by variation of the Sa−Ni−Sb angle, decreasing when
the bending of this angle increases (see Figure S3 in the
Supporting Information). The localization of the LUMO on the
two different metal atoms in 12S and

12S-P may explain why in
the fully optimized complex H2 can bind to the Fe atom but not
to the Ni atom, whereas in the complex featuring the geometry
observed in the enzyme H2 can bind to the Ni atom but not to
the Fe atom.
The analysis of the electronic properties of Ni-SIa models

suggests that the Sa−Ni−Sb angle is also crucial for tuning the
reactivity of H2. In fact, analysis of the population of the σ and

σ* orbitals of H2 reveals that the former decreases and the latter
increases as a function of the Sa−Ni−Sb angle (see Figure S4 in
the Supporting Information), indicating that both donation of
electron density from H2 to Ni and back-donation from Ni to
H2 are affected by the value of this angle. Correspondingly, the
H−H bond distance increases as a function of the Sa−Ni−Sb
angle. The large increase of the σ* orbital population suggests
that H2 could be activated through an oxidative addition
mechanism.

H2 Cleavage on the Ni-SIa Form. After the analysis of the
factors affecting the H2 binding step, we have investigated
plausible reaction pathways leading to H2 cleavage. In
particular, starting from the lowest energy (i.e., most favored)
Ni−H2 adduct (which corresponds to H2 binding to the Ni ion
in the low spin Ni-SIa redox state), we have considered two
different pathways (Scheme 5): (A) heterolytic cleavage of H2

in which the S atom of Cys555 extracts a proton from H2, with
the concomitant formation of a terminal hydride coordinated to
Ni, followed by transfer of the hydride to a bridged position
between the two metal atoms; (B) oxidative addition of H2 with
the formation of an intermediate featuring one terminal and
one bridged H atom, followed by proton transfer from Ni to
the S atom of Cys555. We have also considered analogous
pathways in which the S atom of Cys61 is involved in the
proton abstraction from H2. However, activation and reaction
energies were systematically higher (data not shown),
indicating that Cys555 is the residue that is transiently
protonated upon H2 cleavage. The pathways featuring
protonation of Cys61 may be less favorable due to the
formation of two H-bonds between the sulfur atom of Cys61
and the amide hydrogen atoms of residues Val63 and Cys64,
which make the sulfur atom less basic, and provide some steric
hindrance for its protonation.
In the following, the atoms of hydrogen which migrate to the

S atom of Cys555 (Sc in Scheme 2) and to the NiFe bridging
position will be labeled Hb and Ha, respectively. Geometrical
parameters discussed in the text will refer to the large model for
minimum energy species and to the medium-size model for

Figure 3. LUMO of 12S (a) in the fully unconstrained optimized
structure; (b, c) in the structures with the Sa−Ni−Sb angle constrained
to 140 and 130°, respectively; and (d) in the model variant 12S-P in
which the Ni ligands were constrained to the positions observed in the
enzyme.

Scheme 5. Schematic Representation of the Possible Reaction Pathways for Dihydrogen Activation and Cleavage in the Active
Site of [NiFe]-Hydrogenasesa

aValues in bold refer to calculations performed using the large model, whereas values in italic refer to calculations performed using the medium-size
model. Energy differences and activation energies are in kcal mol−1.
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transition states (TS). Comparison of selected geometry
parameters of the large- and medium-size models is given in
Figure 4.

The first step in pathway A transiently yields a terminal
hydride species (12-A in Scheme 5 and Figure 4). A similar
terminal hydride species was characterized for the more
oxidized Ni-C form of the enzyme by Neese et al.,38 even if
it was 22 kcal mol−1 less stable than the corresponding μ-
hydride form. The activation energy for this step is 12.5 kcal
mol−1. In the corresponding transition state (TS12-A1 in
Scheme 5 and Figure 4), the two atoms of dihydrogen are 1.28
Å apart. The intermediate 12-A is almost isoenergetic with the
reactant 12-NiH2

; the energy difference is +1.3 and −2.2 kcal
mol−1 for the large- and medium-size models, respectively. In
12L-A, the Ni atom features a pseudo square pyramidal
coordination, in which the S atom of Cys61 (Sa in Scheme

2) occupies the apical position. The Ha−Ni distance and the
Ha−Ni−Fe angle in 12L-A are 1.46 Å and 100.3°, respectively.

12-A is a transient species that, in the second step of pathway
A, can quickly rearrange to the μ-hydride species 12-RSH. The
activation energy for this step is as small as 3.0 kcal mol−1, and
the reaction is exoenergetic by −6.2 and −8.1 kcal mol−1

considering the large- and medium-size models, respectively.
The geometry of the transition state (TS12-A2 in Scheme 5 and
Figure 4) is similar to that of the intermediate, with the Ha−Ni
and Ha−Fe distances and the Ha−Ni−Fe angle equal to 1.46 Å,
2.62 Å, and 75.8°, respectively.
The reaction product of the second step (12-RSH in Scheme

5 and Figure 4) should correspond to the reduced Ni-R form of
the enzyme.59,60,16 In this species, Ha asymmetrically bridges
the two metal atoms (Ha−Ni = 1.59 Å; Ha−Fe = 1.72 Å in 12L-
RSH), whereas Hb is migrated as a proton to the Sc atom. This
form is characterized by a significant elongation of the Ni−Sb
bond (2.7 Å 12L-RSH).
Pathway B is also characterized by two steps. In the first step,

H2 undergoes a formal oxidative addition, in which Hb remains
terminally coordinated to Ni and Ha moves to a bridging
position between the two metal atoms, yielding the 12-B
intermediate (see Scheme 5 and Figure 4). The oxidative
addition step in pathway B is almost barrierless (activation
energy 1.2 kcal mol−1). The intermediate 12-B is isoenergetic
with the reactant (ΔE = +0.1), or more stable than the reactant
by −3.7 kcal mol−1, for the large- and medium-size models,
respectively. Also, the second step of pathway B, corresponding
to the Ni-to-Sc proton migration, is almost barrierless (Ea = 1.1
kcal mol−1), leading to the product 12L-RSH which is −5.0 or
−6.6 kcal mol−1 lower in energy than 12-B for the large- and
medium-size models, respectively.
In the transition state of the first step of path B (TS12-B1 in

Scheme 5 and Figure 4), the Ha atom asymmetrically bridges
the Ni and Fe atoms (Ha−Ni = 1.56 Å; Ha−Fe = 1.96 Å), while
the Hb atom is moving to a terminal position on Ni (Hb−Ni =
1.47; Hb−Ni−Fe = 91.8°). The Ha−Hb distance and the Ni−Fe
bond length are 1.21 and 2.59 Å, respectively. The intermediate
12L-B has a pseudo octahedral coordination of the Ni atom, in
which the Hb−Ni−Ha angle is 77.2° and the Ha−Hb distance is
1.89 Å. The bridging Ha atom is slightly closer to Ni than Fe
(Ha−Ni = 1.57 Å; Ha−Fe = 1.75 Å), while the terminal Hb
atom (Hb−Ni = 1.45 Å) is slightly bent in the direction of Sc
(Hb−Ni−Sc = 82.9°). The Hb atom moves to an asymmetric
bridging position between Ni and Sc in the transition state of
the second step of pathway B (TS12-B2 in Scheme 5 and Figure
4), in which it is much closer to Sc than to Ni (Hb−Sc = 1.42 Å;
Hb−Ni = 2.28 Å). The Ni−Sb distance in TS12-B2 is 2.79 Å,
and is very similar to that observed in the product 12L-RSH.
As shown in Scheme 5, we have also investigated the proton

transfer from the Sc atom of Cys555 in 12L-R to the carboxylate
group of Glu14 (12L-RGluH in Scheme 5 and Figure 4). This
process is almost isoenergetic (ΔE = −2.0 and +1.6 kcal mol−1

for the large- and medium-size models, respectively), suggesting
that 12-RSH and 12-RGluH are in equilibrium, and may
correspond to two different Ni-R forms characterized by
spectroscopic methods, as also recently suggested by Neese et
al.21

It is interesting to note that, after the monoelectronic
oxidation of 12L-RSH yielding the putative Ni-C form of the
enzyme, the species in which Cys555 is protonated does not
correspond to an energy minimum, because the proton
spontaneously migrates during geometry optimization to the

Figure 4. Schematic representation of the optimized structures of the
species in pathways A and B with selected distances in Å. In bold and
italic are shown the distances calculated using the large- and medium-
size models, respectively. Transition states have been calculated only
using the medium-size model, and therefore, only one set of distances
is reported. For the sake of clarity, hydrogen atoms, with the exception
of Ha and Hb, are not shown.
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carboxylic group of Glu14. In addition, the Ni−Sb bond length
significantly shortens to the value of 2.40 Å, in very good
agreement with the distance observed in the crystallographic
structures of reduced forms of the enzyme (data not
shown).13,61

Comparison with Other Proposed Mechanisms.
Previous theoretical investigations suggested that H2 binding
and/or cleavage can occur on species where the redox state of
Ni is more reduced (NiI) or more oxidized (NiIII) than NiII.
Therefore, with the aim of obtaining homogeneous and
comparable results, we reinvestigated the reaction profiles of
these mechanisms using our largest model.
A mechanism involving the NiI redox state in H2 binding and

cleavage has been recently proposed.26 According to this
scenario, heterolytic cleavage of H2 takes place on Ni-SIa only
in the initial step. Then, a NiI form of the active site is formed,
which was proposed to efficiently bind and cleave H2 molecules
via an oxidative addition step. In order to reinvestigate this
mechanism, we started from a NiI form (hereafter labeled 21L)
obtained by one-electron reduction of 12L. H2 can bind to the
Ni atom of 21L, yielding the H2 adduct

21L-NiH2
(see Figure 5),

but the process is endoenergetic by 2.5 kcal mol−1. The
corresponding adduct in which H2 binds to the Fe

II ion of 21L is
20.1 kcal mol−1 higher in energy than the reactants, and its
formation can therefore be ruled out. In 21L-NiH2

, the Ni−H
bonds are longer (1.701 and 1.710 Å) than in 12L-NiH2

, and
correspondingly, the H2 molecule is less activated. Oxidative
addition of H2 on the Ni atom of 21L-NiH2

yields the
intermediate 21L-B (see Figure 5). However, 21L-B is higher
in energy than the H2 adduct by about 7 kcal mol−1, a value
which added to the H2 binding energy indicates that this
reaction pathway is energetically disfavored when compared to
H2 activation and cleavage on a NiII species. In addition, the
step corresponding to the proton transfer from Ni to Cys555 to
give 21L-X* is also endoenergetic by about 4 kcal mol−1. The
intermediate in which H2 is cleaved heterolytically with
protonation of Cys555 and concomitant formation of a
terminal hydride coordinated to Ni has not been characterized,
because the terminal hydride spontaneously moves to the

bridging position during geometry optimization. Therefore, the
heterolytic cleavage of H2 on the Ni

I form yields in one step the
21L-X* species, which is about 11 kcal mol−1 higher in energy
than 21L-NiH2.
Another scenario was explored by Hall et al., showing that H2

cleavage on a NiIII form of the active site is more favorable than
on the corresponding high and low spin NiII forms, suggesting
that binding of H2 on NiII is followed by oxidation to a NiIII H2
adduct.62−64 In fact, according to the calculations carried out
using our large model, H2 binding can occur to both NiIII and
FeII (23L-NiH2

and 23L-FeH2
), and both H2 adducts are almost

isoenergetic with the reactants (ΔEH2Ni = −1.0 kcal mol−1;

ΔEH2Fe = −0.1 kcal mol−1). A formal oxidative addition reaction

on 23L-NiH2
, to yield an intermediate featuring one terminal and

one bridged H atom (23L-B), is an endoenergetic process by 2.5
kcal mol−1 (see Figure 5). On the other hand, the heterolytic
cleavage yielding an intermediate (23L-A) featuring one proton
on Sc and one hydride terminally coordinated to the Ni atom is
strongly exoenergetic (−17.1 kcal mol−1). It should be noted
that in 23L-A the proton initially placed on Sc spontaneously
transfers to Glu14 during geometry optimization. Migration of
the hydride from the terminal to the bridged position, yielding
23-CGluH is also an exoenergetic step by −16.5 kcal mol−1.
Therefore, cleavage of H2 on the NiIII form of the active state is
calculated to be an exoenergetic process by about 35 kcal
mol−1. The large stabilization of the 23-CGluH product when
compared to the H2 adduct may suggest that, indeed, oxidation
of NiII to NiIII and H2 cleavage might occur through a
concerted mechanism. In this respect, a rough estimate of the
oxidation propensity of the active site can be obtained analyzing
the HOMO energies of the species involved in the reaction
mechanism. Figure 6 shows the HOMO energies of the species

along the lowest energy profile in the cleavage of H2 on the low
spin NiII form. It is interesting to note that the HOMO energy
is nearly constant along the reaction pathway in 12, 12-NiH2

and
12-B, whereas it increases significantly in the 12-RSH product,
suggesting that an electron can be easily extracted from the
latter form. This observation is in line with the experimental
evidence that Ni-SIa and Ni-R forms in the enzyme are in a
non-redox equilibrium.

Figure 5. Energy profile of H2 binding and cleavage along the lowest
energy pathway (only minimum energy species are considered) for the
low spin NiII (blue line), NiI (red line), and NiIII redox forms of the
active site. In parentheses are the relative energies (in kcal mol−1) with
respect to NiFe + H2 (NiFe = 21, 12, or 23) using the large model.

Figure 6. HOMO energies along the lowest energy pathway (only
minimum energy species are considered) for the low spin NiII redox
form of the active site. In parentheses are the HOMO energies in eV.
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Another plausible mechanism might start with the H2
cleavage on the NiII form but then proceed by a double
proton and electron loss to form a Ni0 species that can bind and
cleave H2 in an oxidative addition step. However, geometry
optimization of such a Ni0 form (hereafter labeled 10L)
obtained by two-electron reduction of 12L yields to a significant
reorganization of the active site, with the S atom of Cys558
moving at a distance of about 3.2 Å from Ni and one CN−

ligand migrating to a semibridged position between the two
metal atoms. In addition, binding of H2 to Ni yields to a species
(10-NiH2

) featuring a full dissociation of the S atom of Cys555
and a significant rearrangement of the ligand configurations
around the Ni atom, whereas binding of H2 to Fe leads to an
adduct (10-FeH2

) which is more than 20 kcal mol−1 higher in
energy than the reactants.
Finally, we also investigated the mechanism in which H2

might bind to NiII in an enzyme form in which a hydride is
already bridged between the two metal atoms. However, in this
case, all attempts to obtain a H2 adduct resulted in the
dissociation of H2. In addition, a plausible intermediate in
which H2 is heterolytically split in a terminal hydride on Ni and
a proton on Sc evolves during geometry optimization to a
structure in which the S atom of Cys61 moves at a distance of
about 4 Å from Ni, leaving the metal atom in square pyramidal
configuration with the bridging hydride and the terminal
hydride occupying the apical and an equatorial position,
respectively.

■ CONCLUSIONS

The disclosure of the stereoelectronic properties of the active
site of [NiFe]-hydrogenases which are crucial for efficient H2
binding and cleavage is important not only in the context of the
efforts aimed at elucidating structure−function relationships in
hydrogenases15,65 but also for the rational design of novel
bioinspired catalysts for H2 oxidation.66−71 To contribute to
such an effort, we have used DFT to study the H2 binding and
activation properties of models of the active site of [NiFe]-
hydrogenase, ranging from minimal (metal ions and first
coordination sphere) to very large (metal cluster, first and
second coordination sphere − 290 atoms). Results highlight
that the spin state and the coordination geometry of the Ni ion

are two crucial factors that tune the energetics and
regiochemistry of H2 binding to the NiFe metal cluster. In
particular, (a) H2 binding is energetically favored only when the
NiFe metal cluster is in a low spin state and the Ni cysteine
ligands have a distorted seesaw coordination geometry, as
observed in the crystallographic structures of [NiFe]-hydro-
genases. In addition, (b) when the Ni coordination sphere has
such peculiar stereoelectronic features, H2 binding is
regiospecific and takes place exclusively at the Ni center. Two
low activation energy pathways are possible after H2 binding to
the NiII ion: direct heterolytic cleavage of H2 mediated by the
sulfur atom of one of the terminally coordinated cysteine
residues or oxidative addition of H2 followed by proton transfer
to the sulfur atom of one of the terminally coordinated
cysteines. The latter reaction pathway is almost barrierless,
indicating that H2 cleavage can occur very quickly leading to the
putative Ni-R form (Scheme 6).
The oxidative addition pathway also reveals that a transient

(formal) NiIV species could be formed in the catalytic cycle of
[NiFe]-hydrogenases. Notably, the product of H2 cleavage
formed according to an oxidative addition step followed by
proton transfer to the S atom is indistinguishable from that
obtained from direct heterolytic cleavage, and therefore in full
agreement with experimental observations indicating hetero-
lytic cleavage of H2 in the active site of [NiFe]-hydrogenases.16

More importantly, our results show that activation and cleavage
of H2 is strongly affected by the geometry of the ligands
coordinated to the Ni atom, which must have a distorted
seesaw arrangement (Sb−Ni−Sa < 135°; Sc−Ni−Sd > 160°) for
efficient catalysis.
The formal transient formation of a NiIV dihydride species

into the enzyme active site was never proposed before, but it is
not without precedent when considering the chemistry of Ni-
containing synthetic catalysts. In fact, DuBois et al., which have
characterized the reactivity of several nickel complexes
containing proton relays,72 reported the detailed experimental
dissection of the mechanism for electrochemical H2 oxidation
catalyzed by [Ni(dppp)(PPh2NBz2)](BF4)2, where PPh2NBz2 is
1,5-dibenzyl-3,7-diphenyl-1,5-diaza-3,7-diphosphacyclooctane
and dppp is 1,3-bis(diphenylphosphino)propane.73 Similarly to
our observations, DuBois et al. found that the initial H2
addition step involves the formation of a transient dihydrogen

Scheme 6. The Most Plausible Catalytic Mechanism for H2 Oxidation in [NiFe]-Hydrogenases, according to the Computational
Results Obtained in the Present Work
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complex, which then undergoes a rate determining H−H bond
cleavage to form the corresponding NiIV dihydride complex, for
which spectroscopic evidence was obtained. Then, the
dihydride species evolves according to a reaction step in
which one of the two hydrogen atoms coordinated to Ni is
transferred as a proton to the N atom of the cyclic ligand.
Notably, in the computed structure of the transient dihydrogen
complex H2[Ni(dppp)(P

Ph2NBz2)]2+, the phosphine ligands do
not remain in a slightly distorted square planar configuration
(as observed in the reactant [Ni(dppp)(PPh2NBz2)]2+) but
assume an arrangement, similar to the seesaw geometry
observed in the enzyme.
The observation that a seesaw Ni coordination geometry is a

key feature for efficient H2 binding and activation can be
usefully discussed also in the light of other previous results that
showed how H2 binding and activation on Ni-containing
functional models of hydrogenases is often concomitant with a
drastic structural rearrangement of the metal coordination
geometry. In particular, it was previously reported that H2
binding and cleavage on [Ni(NHPnPr3)(“S3”)] (where S3 =
bis(2-sulfanylphenyl)sulfide) is concomitant with the rearrange-
ment of the Ni coordination environment from a square planar
to a flattened tetrahedral geometry.74 However, in the case of
[Ni(NHPnPre3)(“S3”)], it was found that such a structural
rearrangement is energetically very disfavored and this is the
main cause of its poor catalytic properties. Our results show
that such rearrangement does not take place in the enzyme,
because in the four-coordinated low spin Ni species
corresponding to the Ni-SIa enzyme form, due to the
stereoelectronic properties of the metal cluster environment,
the Ni coordination sphere already has a distorted seesaw
geometry, and not the classical square planar geometry that
would be expected for simpler low spin Ni(II) coordination
compounds.
From an electronic structure perspective, our results

complement the observations made by DuBois et al., which
highlighted how an increased driving force for H2 addition is
linked to the distortion of square planar Ni complexes,
essentially because such a distortion leads to a decrease in
the energy of the LUMO, which enhances the hydride acceptor
ability of NiII complexes.75,76 In addition, the observation that
reaction energies for H2 binding and cleavage in the minimal
model [(CH3S)Ni]

2− are systematically less favorable than in
bimetallic active site models underlines the noninnocent role of
the Fe(CO)(CN)2 moiety, and might encourage further studies
aimed at understanding how the communication between the
metals facilitates the electron transfer processes throughout the
catalytic cycle.77
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