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Abstract

Density functional theory (DFT) has been recently used to explore the chemistry of models of the active site of [NiFe] and [Fe] hydrogenases
which are enzymes that catalyse the reversible oxidatior,of H

Results from recent theoretical investigations aimed at characterizing relevant intermediate species in the catalytic cycle of hydrogenase
clarifying the structural and electronic properties of the bimetallic cofactors, as well as the key factors responsiplactiration, are
reviewed. The role of theoretical contributions in the investigation of synthetic models related to the enzymatic metal cofactors is also
discussed, showing how ‘in silico’ coordination chemistry can nicely complement experimental studies in the characterization of relevant
species.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction +e, +H
Ni-A =—= Ni-SU
1.1. Hydrogenases “

Hydrogenases are enzymes that catalyse the reversibli _ ve, +Hr e aH
cleavage of dihydrogen according to the reaction: Ni-Sl, Ni-C Ni-R
Hy S 2HT 426 HH H hv

+€
Ni-B =—= Ni-S|, Ni-L

These enzymes contain transition metal ions and, accord-
ing to the metal ions found in the active site, have been clas-
sified as [NiFe] or [Fe] hydrogenasfgd. Remarkably, also Reduction
enzymes previously classified as ‘metal-free’ hydrogenases
have been recently shown to contain an iron-containing co- Scheme 1. Redox states of [NiFe] hydrogenases characterized by spectro-

factor of functional importancg]. scopic techniques.
The three-dimensional structures of [NiFe] and [Fe] hy-
drogenases have been determined by X-ray diffra¢8ef], C, Ni-L) have been identified. The Ni-A form is very slowly

revealing the structural organization of these enzymes andactivated in the presence opHvhereas Ni-B is quickly acti-
disclosing the unusual features of the metal cofactors in- vated under the same conditigid]. The Ni-C form, which
volved in H, activation. is catalytically active, is two electrons more reduced than Ni-
In the active site of [NiFe] hydrogenases, a nickel ion is B [12]. Upon illumination of the Ni-C form, a new species
bound to the protein by four cysteine residues, two of which (Ni-L), which is stable at temperature below 100K, is gener-
are coordinated also to an iron ion. The coordination environ- ated. EPR silent forms, referred to as Ni-SU, Ni-Sl and Ni-R,
ment of iron is completed by two CNand one CO ligands, have also been identified and the number of protons involved
which have been characterized by IR spectrosd@py. In in their interconversion have been determin&theme 1
the ‘as isolated’ catalytically inactive form of the enzyme an [1,13,14]
additional oxygen-containing ligand bridges the two metal  The active site of [Fe] hydrogenases contains an un-
ions (Fig. 1a)[3]. usual [FgSg] cluster, referred to as the H-cluster, which is
Kinetic and spectroscopic studies led to the characteri- composed by a regular [F84] cluster bridged by a cys-
zation of several redox states. Four paramagnetic forms ofteine residue to a binuclear subcluster ([2Pelvhere the
[NiFe] hydrogenases (usually referred to as Ni-A, Ni-B, Ni- cleavage of dihydrogen is thought to take plaEgg( 1b)

Fig. 1. Structure of the bimetallic clusters found in the active site of [NiFe] (a) and [Fe] hydrogenases (b). X has been proposed to corréspon@krO
and CH or NH, in parts (a) and (b), respectively. The aminoacids surrounding the [NiFe] and [Fe] hydrogenase active sites have been numbered according to
the sequence froesulfovibrio gigasandClostridium pasteurianuprespectively.
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[9]. The two iron atoms of [2Fg] referred to as proximal
(Fep) and distal (Fg) with respect to the bridging cysteine
residue, are coordinated by CO and CMNgands and by

a chelating SX3—S moiety, where X is composed of co-
valently 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 plausi-

ble chelating groupf®]. Spectroscopic investigations of [Fe]
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active site of [Fe] hydrogenases have also been recently re-
ported by Song et aJ29].
2. Quantum chemical investigation of hydrogenases

The reliability of quantum chemical methods to study
simple models of metal enzymes is nowadays well grounded

hydrogenases are consistent with a +2 oxidation state for the[30]. In fact, theoretical results can be very useful for interpre-

[Fe4S4] cluster, both in the oxidized and reduced forms of
the H-cluster[15]. Three redox states for the [2Fkefub-
cluster have been characterizdd]. In the fully oxidized
and fully reduced forms, the bimetallic cluster is EPR silent,
whereas the partially oxidized form is paramagnetic. In the
oxidized inactive form of the enzyme, a CO group bridges
the iron atoms of the [2Fg]cluster and a coordination site
on Fg is occupied by an oxygen containing species (G
H»0), which is replaced by a CO group in the CO-inhibited,
oxidized form[17]. X-ray and FT-IR data indicate that the
p-CO group switches to semibridging or terminal position
going from the oxidized to the reduced form of the enzyme
[18].

1.2. Synthetic models of hydrogenase active sites

The disclosure of the structural features of [NiFe] and [Fe]

tation and rationalization of experimental data. In addition,
quantum chemical investigations can discriminate among
alternative reaction mechanisms and identify intermediate
species too short-lived to be characterized experimentally.
Moreover, even when a complete picture of the chemistry is
available, theoretical investigations can help to explain why
a particular reaction path is favoured with respect to others.
Finally, ‘in silico’ coordination chemistry can allow, inarela-
tively cheap way, to explore synthetic pathways and chemical
properties of coordination compounds not yet experimentally
characterized, stimulating and possibly driving synthetic
efforts.

In this contribution, recent theoretical results obtained in-
vestigating models related to the active site of [NiFe] and [Fe]
hydrogenases are reviewed. In this context, the contributions
from the laboratories involved in theoretical studies are par-
ticularly interesting because many of the above mentioned

hydrogenases has stimulated efforts toward the synthesis opossibilities offered by quantum chemistry have been criti-
organometallic compounds featuring the essential attributescally used to explore the properties of the enzymatic cofac-
of the bimetallic clusters found in the enzymes active site tors, as well as of related synthetic systems. It should be noted
[19,20] that theoretical investigations of [NiFe] hydrogenase models
The first complexes resembling to some extent the en- have been already reviewgglil], covering papers published
zymatic metal cofactor of [NiFe] hydrogenases were syn- from 1998, when the first study of the catalytic properties

thesised in the laboratories of Darensbourg and coworkerof the heteronuclear bimetallic cluster was repoft], to

[20], and Pohl and coworkelf1]. NiFe complexes show-

2002. Therefore, for investigations related to [NiFe] hydroge-

ing some structural features of the enzyme active site nases, we will focus mainly on results reported in the last two

were also reported by Evans and coworki2], and by
Schroder and coworkef23]. Recently, the first dinuclear
NiFe complex in which the nickel ion is coordinated only

by thiolate groups has been reported by Sellman et al.

[24].

The observation that the [2kgLluster in the active site
of [Fe] hydrogenase is similar to well known organometallic
compounds characterized by the general structure(ji-e
SR)(COX] (where R is an organic groug25], led three

years, briefly discussing older contributions only to present
a general overview.

2.1. Theoretical methods and model descriptions

Theoretical investigations of models related to the active
site of [NiFe] and [Fe] hydrogenases have been carried out
mainly within the framework of Density Functional Theory
(DFT) [33], even though the investigation of models of the

research groups to the simultaneous report of the synthesigNiFe] hydrogenase active site using semiempirical quantum

of the complex [F&SCHCH,CH,S)(CO}(CN),]%~ [26].
After the proposal that DTMA could be the chelating lig-
and bridging the Fe ions in the [2kelluster, Rauchfuss

chemical methods has recently been repof3dd.
A thorough coverage of DFT implementations, strengths
and limitations has been recently reporfgd]. DFT is based

and coworkers reported the synthesis and characterizationon the fundamental theoref@6] which proves the existence

of [Fex(SCHNHCH,S)(COR(CN)]2~ [27]. A further step

of a functional of the electron density that contains all the

forward to obtain synthetic models even more closely related energy contributions, including the so called correlation con-
to the [2Fe}; cluster has been done by Pickett and cowork- tributions, which are related to the behaviour and mutual in-
ers, which have shown that the backbone modification of a teraction of groups of electrons. This latter aspect is just the
propane dithiolate ligand can lead to organometallic com- fundamental difference between DFT and the conventional
plexes characterized by the 433 ligation observed in the  Hartree—Fock (HF) theory. As well known, the HF method ne-
enzymd?28]. Novel single and double di-iron models for the glects correlation effects as each single electron is supposed
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to move in a mean field provided by all other N-1 electrons. methods, but with the advantage of a computational cost that
In the past, several methods have been proposed and used tis comparable to Hartree—Fock calculations. In addition, re-
go beyond the HF limit, by introducing correlation effects cent techniques developed to calculate the Coulomb energy,
via post-HF corrections, all of them inspired to different ex- such as the Resolution of Identity (RI) approximat[88],
tent by the configuration interaction (Cl) methi@d]. While have further improved the computational efficiency.
HF builds the (single configuration) wave function by means  The hybrid three parameter B3LYP and the pure BP86
of one-electron functions (the molecular orbitals, MO), the functionals have been widely used in computational studies
Cl method obtains the molecular wave function as linear of models of the active site of [NiFe] and [Fe] hydrogenases.
combination (energy optimised) of many-electron functions The hybrid B3LYP functiona[40], which was originally
(the HF-like wave functions). The HF method, among the calibrated on the G2 database of organic molecules, is now
so called “ab initio” approaches, provides the cheapest way commonly used to study also metal-containing molecular
to obtain a molecular wave function, whereas the CI correc- systems, due to the increasing available computational data
tion (in all its possible variants) applied in post-HF meth- whichindicate that B3LYP, coupled with an appropriate basis
ods is generally extremely time consuming. On the contrary, set, predicts accurately properties as bond dissociation ener-
the computational time required by DFT calculations is only gies and molecular geometrid8@] and references therein).
slightly larger than for HF, offering at the same time several Analogous considerations hold true for BPBA], which
advantages: was shown to be one of the most accurate pure functionals to
study transition metal compounfi#?]. In fact, both B3LYP
and BP86 usually reproduce experimental geometries
within a few hundredths of a&, and also reaction energies
can be generally predicted with a reasonable accuracy,
even though in some cases computed values can be quite
dramatically affected by the adopted functional and basis
set[35,43] Other relevant experimental observables such as
spin densities, EPR hyperfine coupling constagiiensors
and vibrational frequencies can be presently computed with
a sufficiently high accuracy within the DFT framework to
allow the comparison with the corresponding experimental
data [30,35] FT-IR spectra are extremely useful for the
characterization of intermediate species and redox states of
e[NiFe] and [Fe] hydrogenase§l{ and references therein),
as well as of related model complex¢$9] and references
therein), due to the peculiar vibrational frequencies of the CN
and CO groups. In particular, the calculation of vibrational
frequencies and their comparison with experimental data
However, DFT methods are not free from limitations: the has been used extensively to validate theoretical protocols
accuracy of DFT results cannot be increased systematically,and to predict the structural features of intermediate species
as it occurs with the fully ab initio approaches making use relevant to [NiFe] and [Fe] hydrogenase chemistry (see
of strictly variational methods and wavefunction expansions. below). Note that the computation of vibrational frequencies
In addition, the limitations inherent to the adopted exchange- is also necessary to check the curvature of the potential
correlation functional cannot be a priori removed, since the energy surface around the stationary point, in order to
exact form of the functional remains unknown. As a conse- distinguish a true minimum (all vibrational frequencies are
quence, the reliability of a given functional can be only estab- positive) or a transition state (one imaginary vibrational
lished in a heuristic way, by comparison of the DFT results frequency), and to calculate the zero point energy correction
with the experiments or, when possibile, with extremely accu- to the electronic energies in order to obtain accurate thermo-
rate results obtained from highly correlated ab initio methods. dynamic data. As for the accuracy of computed vibrational
In this context, coordination compounds represent one of thefrequencies, it is well know that, due to the harmonic
most difficult cases, because very accurate ab initio resultsapproximation adopted in the calculation of force constants,
are, in general, not available. the vibrational frequencies computed with ab initio methods
In spite of the above limitations, DFT has become a gen- are systematically higher than the experimental dd&s$.
eral tool to investigate models of metal-containing proteins. Therefore, empirical correction factors are often used to
In fact, the recently developed functionals based on the improve the agreement with the experiment. For example,
generalised gradient approximation (GGA) and the so-called at the HF/6-31G* level of theory, a correction factor of
hybrid methods, in which a percentage of Hartree—Fock 0.8953 is commonly used to scale the calculated frequencies
exchange energy is added to the exchange-correlation[44]. Vibrational frequencies computed using DFT methods
energy, give accuracies similar or higher than ab initio MP2 have generally a higher accuracy than those obtained at HF

(i) The DFT method keeps a one-electron structure similar
to the HF one thus offering a much easier interpretation
of the results while incorporating the correlation effects.

(i) The DFT description of open-shell systems is much
more balanced than the HF description, which is known
to enhance the importance of high-spin contributions.

(i) When open-shell systems are treated at the “unre-
stricted” level (different MOs for different spin), the
DFT solution is generally contaminated by high mul-
tiplicity contributions to a much lesser extent than the
HF one. Thus, DFT wave functions are usually quite
close to a pure spin representat[88].

(iv) DFT methods are found to give excellent results for
molecular systems characterized by near-degenerat
states, which are generally not adequately described
by ab initio mono-determinantal perturbational theories
(for example, MP2).
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level and similar to that obtained with correlated ab initio metal centref31]. Either structures characterized by-#H
methods. In the specific case of CO and CN groups in [NiFe] group or by the absence of small ligands bridging the two
and [Fe] hydrogenase models, wave numbers obtained frommetal ions were initially proposed for Ni-B1]. However,
BP86 calculations with harmonic approximation compare the electronic properties of Ni-B models characterized by a
extremely well with experimental dafd5,46], even if the vacant coordination position between the two metal ions are
excellent agreement is partially due to an error cancellation not fully consistent with spectroscopic d§565].
effect[47]. Lubitz and coworkers have recently compared experi-
Calculations ofg and hyperfine tensors, taking into ac- mental and computed magnetic properties for several Ni(lll)
count relativistic effects and spin—orbit couplings, have been species to discern among different possible structures of the

recently carried out in the framework of DH48]. In par- bimetallic clustel52]. Computation ofy tensors and hyper-
ticular, DFT calculations have been carried out within the fine tensors led to the conclusion that-#H group is present
‘Zero-Order Regular Approximation’ (ZORAWM9], using in the Ni-B redox state. Stadler et al. reached similar conclu-

both local VWN[50] and gradient corrected (BP86) func- sions[53], proposing that a.-hydroxo group is present in
tionals. Even though further improvements in the accuracy both Ni-A and Ni-B. According to the latter study, the dif-
of computed magnetic properties is needed and might beferences in the electronic structures of Ni-A and Ni-B can
expected to arise when simultaneously considering spin-be explained by a different protonation state of one terminal
polarization and spin—orbit couplinfpl], theoretical re- cysteine residue.
sults generally agree reasonably well with experimental data It is believed that the bimetallic cluster undergoes a
[52-54]} Ni(lI/Ni(ll) redox shuttle during catalysis§cheme Land
Avery important methodological issue related to the theo- that the paramagnetic Ni-C form is an intermediate species in
retical investigation of [NiFe] and [Fe] hydrogenase concerns the catalytic cycle. DFT results led to the conclusion that Ni-
the design of the computational models, which are always the C corresponds to a Ni(lll) species in whie H atom bridges
result of a compromise between a realistic representation ofthe metal centrd®6]. Moreover, the presence ofiaH in Ni-
the system and the necessity to treat relatively small modelsC is compatible with experimental EPR and IR diga]. In
in order to reduce computation time. In fact, most investiga- particular, Lubitz and coworkers compared the experimental
tions have been carried out using simple models, where theg tensor magnitudes and orientations for the Ni-C and Ni-L
side chains of the cysteine residues coordinated to the metaforms with those predicted by DFT calculations for several
ions have been modelled by H or @groups. The choice of  models of the active sitfb4]. Good agreement between ex-
both CHS~, and CHSH as model of the cysteine residue periment and theory was obtained for Ni-C and Ni-L forms
bridging the [F@S4] and the [2Fg] clusters in [Fe] hydro-  corresponding to Ni(lll) species where a hydride bridges the
genases was driven by the necessity to keep into account inwo metal atoms, and to Ni(l) species with a vacant bridge
a simple way possible changes in the oxidation state of the position, respectively. In addition, the unpaired electron of
[FeqS4] cluster. Ni-C was assigned to the 3dorbital, whereas for Ni-L a
Calculations carried out on model systems including substantial fraction of the unpaired electron was found in the
all aminoacids in the first and second coordination sphere 3d,_,> orbital.
of the metal clusters have been reporfb8]. Indeed, the Unfortunately, many experimental and theoretical ap-
investigation of small and large systems can give access toproaches used to characterize the Ni-A, Ni-B and Ni-C redox
complementary information. Small models are computa- states cannot be exploited for the characterization of EPR-
tionally less expensive and consequently their investigation silent species, and consequently structural and electronic
is generally carried out using sophisticated approaches andproperties of Ni(ll) intermediate species are more elusive
sampling extensively the structural and electronic properties. and still controversial. In fact, several studies converge to
On the other hand, larger models are particularly suited to the proposal that in the Ni-SI redox-state the Ni(ll) ion is
investigate properties that might be influenced by the protein four-coordinated31], even though Stein and Lubitz recently

environment. proposed that, in the Ni-SI form, Hand HO are coordi-
nated to Ni and Fe, respectivelyl] (Fig. 2). Either struc-
2.2. [NiFe] hydrogenases tures characterized by @H atom or structures whereoH
is coordinated to the iron centre have been proposed for the
2.2.1. The structure of the bimetallic cluster in different Ni-R form. In particular, De Gioia et al. showed thafveH
redox states Ni(ll)Fe(ll) species has the proper stereoelectronic charac-

Different research groups have used DFT to predict the teristics to correspond to the Ni-R redox sti&@], following
structure of the active site in the spectroscopically char- previous proposals formulated on the ground of experimen-
acterized states of [NiFe] hydrogenas&stieme ) [31]. tal studieg57]. Stein and Lubitz reached similar conclusions,
Paramagnetic Ni(lll) redox states (Ni-A, Ni-B, Ni-C, Ni-L)  even though according to their proposal, two H atoms are si-
have been the most thoroughly investigated. Several studieamultaneously coordinated to the Niion in the Ni-R fof5d].
converged on the proposal that the Ni-A redox state should Hall and coworkers concluded, on the basis of relative sta-
be characterized by the presence éf©r OH~ bridging the bility data, that H is not yet cleaved and is bound ina&
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Ni-Sl Ni-C Ni-R
2- s 2.
R RS/H A co RS R 0
R ‘ R
" ad NS,/ N
N S N|< >Fe” Ni< >Fe“
/ \ CN / H \"’CN / H \ CN
RS CN RS CN RS\H CN
De Gioia [56], Hall (Ni-S1) [58] De Gioia [56], Hall [58] De Gioia [45, 56]

R RS
R / CcO R .S

RS ., 5 S\ R.S / \ S, /

N ooy R

N %gg N'\ /Fe"" / H// \c
/ H \ “CN ~ N
CN RS RS CN

RS CN CN

R Ha (Ni-Sl,) [58] Lubitz [51, 54] Hall [58]

N'\ , H
/\H,H HO/ "N Rs H CN
RS 2 CN
Lubitz [51]
Lubitz [51]

Fig. 2. Structures of redox states relevant for the catalytic cycle of [NiFe] hydrogenases, as proposed by different research groups on the gfound of D
investigations.

fashion to the Fe centre in the Ni-R redox state of the en- spin (triplet) models of the Ni-SI and Ni-R redox forms are
zyme. However, the possibility that Ni-R could correspond characterized by a distorted tetrahedral Ni coordination en-
to ap-H species was not exclud¢si]. vironment that fits well with the structure of the bimetallic
Another controversial issue is related to the ground state cluster observed in the X-ray structure of the reduced forms
of the Ni(ll) ion in the Ni-SI and Ni-R forms. Until recently,  of the enzymg5,7]. It was also noted that, even though high
spectroscopic data have been considered to be compatiblespin forms are computed to be only slightly more stable than
with a diamagnetic $=0) ground state for the Ni(ll) ion  corresponding low spin species, the energy gap in favour of
[57,59] and therefore theoretical models of Ni-SI and Ni-R high spin species could be even larger if the protein resists the
were computed assuming a singlet state. Indeed, it was notedearrangement of the Ni coordination geometry from tetra-
that, for Ni-SI models, this assumption leads to structures hedral to square planar.
characterized by a slightly distorted square planar coordina-  As discussed in SectioP.1, most of the computational
tion environment of the nickel iof81,56,60] which is not studies of [NiFe] hydrogenase models have been carried out
compatible with the X-ray structures of the ‘as isolated’ form using the B3LYP functiongl0], on the ground of its high
of the enzymdg3], and therefore would imply a large struc- accuracy in reproducing structures, electronic properties
tural rearrangement of the cysteine ligands in the active site.and relative energies of organic and inorganic compounds
Remarkably, recently reported nickel L-edge soft X-ray data [63,64] However, it has been recently shown that B3LYP
have suggested the possible formation of high-sfin X) predicts the wrong multiplicity of the ground state for some
Ni(ll) species in the catalytic cycle of [NiFe] hydrogenases transition metal complexe$5,66] Nonhybrid functionals
[61], and this observation has stimulated further theoretical can be affected by similar problenfg7], and these obser-
investigations aimed at shedding light on this crucial aspect. vations have stimulated efforts to test, calibrate and tune
Hall and coworker$62] have used B3LYP to show that high different functionals for their use in the investigations of
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RS/ N / H\/H/ \CN

Fig. 3. Catalytic cycle of [NiFe] hydrogenases proposed by Hall and cowoi&®yg1] on the ground of DFT investigations.

coordination compound$8,69] Prompted by these studies led to the conclusion that BP86 is the most suited functional
and with the main goal to investigate the effects of pure and to describe the structural features of [Ni(l}JjSomplexes,
hybrid functionals on computed properties of Ni(ll) ions in whereas the prediction of the ground state, as well as the rela-
thiolate-rich environments, Bruschi et al. have very recently tive stability of high and low spin states, is more problematic
studied the structural and electronic properties of well- and may be dependent on the adopted functional. Results
characterized high- and low-spin [Ni(l)Fcomplexes, as  obtained investigating Ni(ll)Fe(ll) models confirmed that
well as high- and low-spin Ni(ll)Fe(ll) models of the [NiFe] the structure of the bimetallic cluster, as observed in the
hydrogenase active sitgl5]. The comparison of results X-ray structure of the reduced form of the enzyiBer],
obtained with BP8641], B3LYP [40] and B3LYP*[69,70] is compatible with the presence of a hydride bridging the

2- RS CN
R
RS / co /
-2e, -2H*, H,0 \ RS, / _

SN
RS CN

/

Fig. 4. Catalytic cycle of [NiFe] hydrogenases proposed by Stein and Liitiiton the ground of DFT investigations.
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two metal centres. It was also concluded that both Ni-SI and form. To obtain a more detailed picture of the Hdleav-
Ni-R are potential spin-crossover species. However, while age step, Niu and Hall have investigated also transition
the high—low spin interconversion in Ni-Sl is accompanied state structures and energy barriers along the nucleophilic
by a large reorganization of the Ni coordination environment addition pathway involving a Ni(lll) species, using both
(from tetrahedral to square planar), the corresponding a neutral ([(CO)(CNyFe(u-SH:Ni(SH)(SH)]) and an an-
interconversion in thew.-H Ni-R form is accompanied by ionic ([(CO)(CNyFe(u-SH)Ni(SH)2]~) model of the en-
negligible structural rearrangements, indicating that it can zyme cofactor[71]. Remarkably, the computed transition

easily take place within the enzyme active $i8]. state structures showed a striking resemblance to the structure
of the cluster observed in the X-ray structure of the enzyme
2.2.2. The catalytic mechanism (Fig. 1a).

Structures, electronic properties and relative energies Also Stein and LubitZ51] proposed a mechanism in
computed for several models of the bimetallic cluster found Which H, activation takes place on a Ni(lll) species. The
in the active site of [NiFe] hydrogenases led to the proposal reaction pathway implies the binding of dihydrogen to the
of p|ausib|e Cata|ytic Cyc|es for Hactivation and C|eavage_ Niion and the participation of a water molecule as the basic
Results from different groups converge on many details, suchresidue involved in the heterolytic cleavaged. 4). In par-
as the proposal that dihydrogen activation should eventually ticular, in Ni-Sl the Ni(ll) ion is four coordinated and a water
imply proton transfer to one of the cysteine residues coordi- molecule occupies a coordination site of the octahedral Fe(ll)

nated to the nickel ion. However, the site of binding and ~ ion. Binding of b, which takes place to the Ni ion, is pro-
the redox state of the bimetallic cluster in the &ttivation posed to be concomitant with one-electron oxidation of the

step are still controversial. bimetallic cluster. Then, following pheterolytic cleavage, a

The first DFT investigation of the catalytic mechanism of transienf.-H species corresponding to Ni-C is formed. One-
[NiFe] hydrogenases was reported by Siegbahn and cowork-€lectron reduction and proton binding leads to a Ni-R species
ers, which proposed thatoHirst binds to Fe and in the key ~Where one H atom is bridged between the metal centres and
step hydride transfer to iron and proton transfer to the adja- the other is coordinated to the Niion. The catalytic cycle is
cent cysteinethiolate ligand are accompanied by decoordina-closed when two electrons and two protons are released to
tion from Ni of the protonated cysteinethigd2]. form again the Ni-SI species.

According to Hall and coworkeri&8] (Fig. 3), Ho binds Starting from a previous proposal based on spectroscopic
to the bimetallic cluster leading to a Ni(ll)Fe(ll) Ni-R form  data[57], De Gioia et al. characterized structures and elec-
where b is coordinated to the iron centre. Binding opH  tronic properties of possible intermediate species formed
should also trigger one-electron oxidation of the cluster. in @ catalytic cycle that implies dihydrogen activation on
In fact, on the basis of computed relative energies, it was @ Ni(I)Fe(ll) species Kig. 5) [56]. According to this pro-
concluded that heterolytic cleavage of i$ more exother- ~ posal, heterolytic cleavage of dihydrogen takes place by a
mic on Ni(lll) species than on the corresponding Ni(ll) nucleophilic addition pathway involving one of the cysteine
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/
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Fig. 5. Catalytic cycle of [NiFe] hydrogenases proposed by De Gioia Ei@llon the ground of DFT investigations.
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ligands coordinated to the Ni centre. This step leadgid-h 2.3. [Fe]-hydrogenases

Ni(I)Fe(ll) species that was proposed to correspond to Ni-

R. Monoelectron oxidation of Ni-R leads to the paramagnetic 2.3.1. The redox states of the bimetallic cluster

Ni-C redox state, in which a hydride is still bridged between Different redox states of the [2Rggluster have been char-
the two metal ions. Finally, the catalytic cycle is closed by acterized spectroscopically. The fully oxidized and fully re-
release of two protons and one electron. It has been recentlyduced forms of the enzyme are EPR silent and have been
shown[45] that also the relative stability of the Ni-Sl and Ni-  proposed to correspond, on the basis of similarities between
R structures initially proposed by Dole et §.7] are fully the FT-IR spectra of the enzyme and of model compounds,
compatible with their formation in the catalytic cycle of the to Fe(ll)Fe(ll) and Fe(l)Fe(l) species, respectivilp,72]
enzyme. Moreover, the structural arrangement of the cysteineThe partially oxidized form is paramagnetic and should cor-
ligands in high-spin Ni-Sl and both in high and low spin Ni-R  respond to the Fe(l)Fe(ll) redox states, even though Moss-
models closely resembles that observed in the enzyme, andauer data are also compatible with a Fe(lll)Fe(ll) redox state
it is therefore compatible with a catalytic cycle that does not [15].

imply major structural reorganization of the protein environ- The first DFT study aimed at investigating coordination
ment. compounds related to the [2kgdluster was reported by lan
- 2 2-
o . -
s
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Fig. 6. Structures of the oxidized, partially and fully reduced forms of the [2[ER]ster, as proposed by different research groups on the ground of DFT
investigations.
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by comparison of computed vibrational frequencies with
experimental FT-IR spectr@5]. DFT results showed that
the formation of Fe(ll)Fe(lll) and Fe(lll)Fe(lll) species is

\Fe-'ys\-Fe/ not compatible with FT-IR data. The fully oxidized, EPR
ocC / \o/ “"CN silent form, was predicted to correspond to a Fe(ll)Fe(ll)
NC T co species, in which a coordination site on the distal Fe centre
H (Fey) is vacant and can bind a water molecule ar(Rig. 6).
(@) Fe(Il)Fe(ll) The partially oxidized form was predicted to correspond to
a Fe(l)Fe(ll) species characterized by a vacant coordination
X site on Fg and by a CO group bridging the two metal
RS S centres. Spin population analysis indicated that the unpaired
\ /s\ /CO electron is mainly localized on gein agreement with
.Fe Fe., experimental evidencd45]. Finally, it was concluded that

both Fe(l)Fe(l) species characterized by one bridging and

NneT M co by all terminal CO groups are compatible with the fully
Fe(IFe(ll) reduced state of the enzyniéd. 6).
(b) Fe(IFe() The structural features of the different redox states were
further investigated by Liu and H[r6], that used a model
X similar to that used by Cao and Hit¥], except for the PDT
chelating ligand that was replaced by DTMA. Comparison
RS S_“‘ co between experimental and computed CO stretching frequen-
N S8l S

Fe,

. Fe
oc™/ ™. 7 \"cN
NC/ H \CO

Fe(ll)Fe(ll)
() Fe(ll)Fe(l)

cies led to the conclusion that the fully oxidized state of the
[2Fely cluster is a Fe(Il)Fe(ll) species in which an OH

group is terminally coordinated to féFig. 6). The param-

agnetic form of the cluster was predicted to correspond to
an Fe()Fe(ll) species, in full agreement with Cao and Hall
[74], whereas it was concluded that the fully reduced state
is a mixture of two forms, where the major component is a

Fig. 7. Other isomers of models of the [2Re]luster characterized by DFT protonated Fe(l)Fe(l) species and the other is an Fe(ll)Fe(ll)
investigationg 77,78} hydride species. It was also concluded that the different re-
dox states differ only for the occupation of a bonding orbital
Dance in 199973]. However, DFT calculations aimed at between.-CO and Fg, which is fully occupied only in the
shedding light on the structural features of the different redox Fe(l)Fe(l) form.
forms were first reported by Cao and Hgl#], which com- Bruschi et al. used DFT to investigate the Fe(ll)Fe(ll)
puted structures and vibrational frequencies for the di-iron model [(@-PDT)Fe(COR(CN)2(CH3S)]” and its HO
cluster [(L)(CO)(CN)Fg(-PDT)(u-CO)Fe(CO)(CN)(D)] and H adducts, showing that structures characterized by
(PDT =1,3-propanedithiolate; L=, CO, t, H~; a water molecule or a OH group bridged between the
L’=CHsS~, CHsSH). In particular, the excellent correlation two iron centres Kig. 7a) are more stable than isomers
between calculated and measured CO and @quencies  in which a CO bridges the metal centres and the oxygen
found for the synthetic complexes [REO)(n-PDT)l and ~ containing ligand is terminally coordinated to 4~§77].
[Fex(COM(CN)(n-PDT)?~ allowed to sort out plausible  Therefore, it was concluded that if the oxidized form of the
redox states and structures for intermediate species formed irenzyme corresponds to a Fe(ll)Fe(ll) redox state jith@H
the catalytic cycle of the [Fe]-hydrogenase fr@mvulgaris and p-H>O isomers must be destabilized or kinetically

Fig. 8. DFT-optimized structures of isomers of the Fe(I)Fe(Il) model comp|ePDT)Fe(COX(CN)2(CH3S)Z~ [78].
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Fig. 9. Comparison between the structures of the fully reduced fR&d}cluster (a) and a related synthetic Fe(l)Fe(l) model complex (b).

inaccessible within the protein. The DFT characterization
of models characterized by a DTMA chelating ligand
[78] led to the conclusion that in the Fe(ll)Fe(ll) model
[(w-DTMA)Fez(CO)(CN)2(CHsS)]~ the nitrogen atom of
DTMA can compete with a water molecule for coordination
to the Fgq ion. Moreover, it was shown that Fe(ll)Fe(l) com-
plexes characterized either by the presence or absenge of a
CO ligand are both stable isomers, and their relative stability
is very similar fig. 8). In addition, the analysis of computed
partial atomic charges revealed thag Femore electrophilic
than Fg in n-CO Fe(ll)Fe(l) isomers, whereas the opposite
is true for the CO-unbridged isomers. As a consequence,
H2 binds to Fg and not to Fg in CO unbridged isomers
(Fig. ).

2.3.2. The ‘unusual’ structural features of the [2Re]
cluster

One of the most intriguing aspect of [Fe] hydrogenases is
related to the structure of the fully reduced [2kaubunit.
In fact, even though cleverly designed organometallic com-
plexes well reproduce the essential structural features of the
dinuclear cluster observed in the enzyme, one striking differ-
ence is evident comparing Fe(l)Fe(l) synthetic models and
the [2Fe} cluster. The former are characterized by anfFe
bond and by terminal CO groups, whereas in the reduced
form of the enzyme the R&3 group is rotated and conse-
quently a CO group coordinated to the distal iron centres
approaches the proximal iron ion and a vacant coordination
site appears on lé€Fig. 9) [9,18]. These observations and the
results obtained from the NMR investigation of 2COxx
site exchange in binuclear synthetic modg18] prompted
Darensbourg and coworkers to carry out DFT calculations
aimed at investigating factors affecting the activation barrier
for the rotation of the Fe(C@proup in the series of binuclear
complexes [Fgn-SRS)(COy], in which R =edt, pdt oio-
xyldt [80]. According to computational results, and in good
agreement with experimental evidences, Fe{0fation is
a relatively facile process and the presence of bulky chelating
ligands further decreases the activation energy. Moreover, it
was noted that the structure of the transition states closely re-
semble the structure of the [2g}luster in the fully reduced
state of the enzyme.

The observation that the transition state for Fe(€£O)
rotation resembles the structure of the [3fedluster
observed in the enzyme, led to the suggestion that the
dinuclear cluster could be trapped by the enzyme in an
‘entatic state’[81]. However, it was also noted that the
presence of good electron-donors in trans to the Fe—Fe bond
could stabilize structures withigCO group[82]. This issue
was investigated by Bruschi et 3], which have studied
factors affecting the structural and electronic properties of
the [Fe(p.-PDT)(COXx(CN),L] cluster, where the ligand L,
which corresponds to the cysteine side chain coordinated
to Fg in the enzyme, was systematically replaced by
groups with differento-donor andmw-acceptor character
(CO, P(CH)3, CH3SH, CN~, CH3S™ and CHO™). In the
Fe(l)Fe(l) series of complexes, a progressive rotation of
the Fg(CO)(CN) group, whose geometry changes from
pseudo square-pyramidal to trigonal bipyramidal, was ob-
served going from the softest (CO) to the hardest{GH)

L ligand. Concomitantly, a CO group coordinated toyFe
approaches kgleading to semibridged structures that, when
L=CHsS™, closely resemble the structure of the [2ke]
cluster observed in the reduced form of the enzyj®le
(Fig. 10. Therefore, it was concluded that the substitution in
the parent complex [R€u-PDT)(CO})] of CO ligands with
two CN~ and an electron-donor L ligand (such as £5H)

is sufficient to modify the structure of the bimetallic cluster

Fig. 10. DFT-optimized structure of the Fe(l)Fe(l) model complgx- [(
PDT)Fe(CO%(CN)2(CHsS)*.
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from a pseudo-symmetrical edge-bridged square pyramid tocycle of the enzyme. Moreover, the marked influence of the
a u-CO species characterized by a vacant coordination siteelectronic properties of L on the chemistry of the bimetallic
on Feg. The latter observation is crucial because it suggests cluster suggests also that the oxidation state of the proximal
that the protein environment does not affect significantly the [FesS4] cluster could affect the structural and electronic
structural properties of the bimetallic cofactor. The extension properties of the [2Fg] cluster, possibly modulating the
of the study to Fe(ll)Fe(l) model83], which correspond relative stability of.-CO and CO-unbridged forms.

to the paramagnetic form of the [2kgetluster, confirmed The analysis of structural and electronic properties of
previous evidencgd8] indicating that these species can ex- Fe(l)Fe(l) models related to the fully reduced form of the
ist in two almost iso-energetic isomers, characterized either [2Fe]y cluster is relevant to unravel key factors affecting
by the presence or absence of a CO group bridging the twobinding of H" to the metal cofactor. Darensbourg and cowork-
metal centres. In particular, the CO forms were found to  ers[80] showed that, as a result of rotation of the Fe(€0O)
be always slightly more stable, in agreement with the obser- group, the highest occupied molecular orbital (HOMO) of
vation of a bridging CO group in the partially oxidized form the cluster changes significantly, resulting in a partial disrup-
of the enzymg9]. Notably, the substitution of soft L ligands tion of the Fe-Fe bond density and development of a charge
with relatively hard species such as €¥ systematically dipole along the FeFe axis. In particular, the iron centre
decreases the energy gap. Moreover, it was noted that wherbound to the rotated CO groups, which correspond toiffre

L is a relatively hard ligand, the interconversioneCO to the [2Fe]; subcluster, becomes more electrophilic. Note that
CO-unbridged forms implies only the concerted movement this latter observation may suggest thag Fenot the bind-

of the two CO ligands coordinated to f;ewhereas the ing site of H. On the other hand, in CO-unbridged forms
position of the CN group, which in the enzyme is strongly both metal ions have a pronounced nucleophilic character.
anchored to the protein backbone via hydrogen bonding In fact, the experimental investigation of cleverly designed
interactions, does not change significantly in the two isomers Fe(l)Fe(l) organometallic complexes showed that oxidative
(Fig. 8). These observations suggest that CO-unbridged addition of H" leads to species in which the hydride bridges
Fe(Il)Fe(l) forms might be transiently formed in the catalytic the two iron centref84,85].
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Fig. 11. Catalytic cycle of [Fe] hydrogenases proposed by Cao andH&lland Liu and H[76] on the ground of DFT investigations.
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2.3.3. Binding and activation of dihydrogen on models moiety bridges the iron atoms, Hall and coworkpf4,86]
of the [2Fe}4 cluster proposed a catalytic cycleFig. 11) where H initially
Possible binding modes of Ho the bimetallic cluster,  binds to the vacant coordination site oftaCO Fe(ll)Fe(l)
as well as pathways for theterolytic cleavage, have been species. Binding of bitriggers one-electron oxidation of the
investigated by several groups. Cao and Hall used DFT to [2Fe]y cluster, leading to a Fe(ll)Fe(ll) species where the
study H heterolytic cleavage taking place oryffé4], which heterolytic cleavage of fican take place. This step produces
has been suggested to be the site pbihding and activation  a formal Fe(ll)Fe(ll) species characterized by a protonated
on the basis of X-ray datf]. It turned out that cleavage @ DTMA group and a terminal hydride coordinated togFe
of Hz on the Fe(ll)Fe(ll) complex [(B)(CO)(CN)Fe(u- Then, this intermediate can releasé, robably from the
PDT)Fe(CO)(CN)(SMe)}, accompanied by protonation protonated amino group of DTMA, which can then act again
of a p2-S ligand, is characterized by an activation energy as a base and bind the' eleased by Re This latter proton
higher than 17 kcalmott. In addition, the product lies transfer is accompanied by formal two-electron reduction
15.3kcalmot! above the starting # complex. On the of the bimetallic cluster, leading to a CO semi-bridged
other hand, the proton transfer to one of the Cligjands is Fe(l)Fe(l) species correspondent to the fully reduced form
characterized by a very large barrier (37.8 kcalmleven of the [2Fe}; cluster. One-electron oxidation of the cluster

if the product is slightly more stable-0.3 kcal mot 1) than and proton release from DTMA close the catalytic cycle.
the dihydrogen complex. Therefore, it was concluded that Similar conclusions were reached by Liu and [H8].
the cleavage of bHon the distal Fgatom of the Fe(ll)Fe(ll) Even if the mechanism proposed by Hall and cowork-

complex [(F)(CO)(CN)Fe-PDT)Fe(CO)(CN)(SMe)] ers [74,86] and Liu and Hu[76] fits well with available

is kinetically or thermodynamically unfavourable. How- experimental and theoretical results, the evidences for the
ever, if the PDT group is substituted by DTMA, the presence of DTMA in the enzyme active site are only
heterolytic cleavage of fHimediated by the N atom of the indirect and other Bactivation pathways might be operative
chelating ligand was shown to be kinetically favorable in the enzyme. The investigation of alternative routes 0 H
(AE'=6.53 kcal mot1) [86]. Furthermore, the product of heterolytic cleavage can be relevant also to better understand
the reaction is only 2.6 kcal mot above the reactants. On  the chemistry of synthetic coordination compounds and
the ground of DFT results and assuming that a DTMA possibly drive the design of new catalysts. Prompted by
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theoretical evidences indicating that the interconversion be- been proposef¥8] (Fig. 12. The Fe(ll)Fe(l) species charac-
tween [2Fe); models characterized by bridged and terminal terized by a vacant coordination position oryfas observed
CO s facile[77], Bruschi et al. have investigate Hinding in the X-ray structure of the enzyme, can bingd but, when

and activation on the models system [(G@N)Fe(u- the chelating ligand is PDT, is not capable to promote H
PDT)Fe(CO)(CN)(CHS)]~ leading to p-H intermediate heterolytic cleavage, even assuming previous one-electron
specieg78]. It turned out that K can bind to both iron atoms  oxidation of the clustef74]. However, the coordinatively
and that the relative stabilities of theothdducts are very  unsaturatedu-CO Fe(ll)Fe(l) species is predicted to be
similar. In addition, when His bound to Fg, it can undergo in equilibrium with the CO-unbridged Fe(ll)Fe(l) isomer
heterolytic cleavage resulting in transfer of kb a po-S that can bind H to Fg,. Hy coordination may trigger one-
atom of PDT and simultaneous coordination of kb both electron oxidation leading to a Fe(ll)Fe(ll) species whese H
metal centresHig. 7b and c). The computed energy barrieris heterolytic cleavage can take place according to a pathway
as low as 5.3 kcal moft and the products were computed to  which is both kinetically and thermodinamically favourable.
be only 2.4 kcal mot? less stable than the reactants. In fact, This key reaction step leads to a Fe(ll)Fe(ll) species charac-
the possible formation in the catalytic cycle of intermediate terized by a hydride bridging the two iron ions. Extraction
w-H species similar to those first characterized by Poliblanc of a proton results in a Fe(l)Fe(l) CO-semibridged form
and coworker§87], was predicted also by Cao and Hal]. correspondent to the fully reduced [2R&]luster character-
Moreover, the experimental characterization of synthetic ized by X-ray diffraction[9,18]. Subsequent mono-electron
models have shown that ligands with better donor ability oxidation restores the initial Fe(Il)Fe(l) species and closes
than CO promote the binuclear oxidative addition &f td the catalytic cycle. Zhou et al. have recently reached
yield [Fe(I)(w-H)Fe(ll)] specied84]. In light of the above very similar conclusiong88], showing also that qu.-H
considerations and DFT results, a plausible catalytic cycle Fe(ll)Fe(ll) intermediate could not easily accept an electron
that does not imply the presence of the DTMA ligand has because all the low-lying 3d bonding orbitals of the iron ions
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are fully occupied and the LUMO is characterized by a very In this context, DFT has been recently used to nicely com-

high energy. Consequently, the-H Fe(ll)Fe(ll) species

plement the experimental investigation of the reactivity of

is predicted to be nucleophilic and able to bind another bimetallic clusters related to the [2ke$ubunit. In particu-

proton.

2.4. DFT investigations of synthetic models related to
the [2Fe}y cluster

The similarity between the [2Fg]cluster and organo-

lar, theoretical results have provided an insight into transition
states involved in substitution at di-nuclear carbonyl species,
into the role of bridging CO in such substitution pathways,
as well as into the role played by neighboring groups.
Darensbourg and coworkd@0] used B3LYP to study the
cyanation of the complex [RGr-pdt)(CO)]. In fact, kinetic

metallic Fe(l)Fe(I) complexes characterized by the general studies established that the CN/CO substitution leading to
structure [Fe(u-SR)(CO)] stimulated the exploration of  [Fex(SCHCH,CH,S)(CO)(CN),]%~ is a two-step process
synthetic routes leading to structural and functional models in which both steps follow an associative pathwW}a9]. Re-

of the [Fe] hydrogenase active s[6—28,89] Such inves- markably, the second cyanation step turned out to be faster
tigations were also relevant to shed light on possible path- than the first, an unexpected result in light of the observa-
ways leading to the biosynthesis of the cofactor, as well as totion that the second step implies the reaction between two
understand the evolutionary process that led to biologically anionic species. According to DFT results, in the first step of
compatible catalyst®©0]. However, some relevant issues re- the nucleophilic attack the CNgroup approaches the least
lated to the reactivity of this class of compounds could not sterically hindered iron ion, and in the transition state the ro-
be easily addressed experimentally, mainly due to the diffi- tation of the Fe(CQ)unit is concurrent to the approach of
culties arising in the characterization of short-lived interme- CN~ to the metal centreRjg. 13. The computed free en-
diates and transition states. As an example, Rauchfuss andargy of activation is 13.6 kcal mot. In the first intermediate
coworkers shown evidences for the formation of short-lived species formed along the cyanation pathway one CO bridges
w-CO intermediate speci¢81], which are difficult to char-  the two iron ions. The second step of the substitution reac-
acterize experimentally but are very relevant in light of the tion is preceded by the flip of the PDT linker to generate the
presence of a-CO group in the enzymatic [2Re]cluster. isomer in which the remaining Fe(Cgi$ unhindered. Then,
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similarly to the first cyanation step, as CNipproaches the The synthesis and characterization of coordination com-
iron atom, the Fe(CQ)unit rotates leading to a transition pounds reproducing the [E83] ligation observed in the
state characterized by a semibridging CO. The computed ac{2Fe}y cluster was experimentally addressed by Pick-
tivation energy for the second step is 1.17 kcalmdarger ett and coworkerg92]. According to experimental re-
than for the first step. The disagreements with experimental sults, the initial reaction of the parent complex $f&O)s
data, which are compatible with the second cyanation being (MeSCHC(Me)(CH,S))] (A) with cyanide takes place
faster thenthe first, are due to the presence dfdsanterions regioselectively at the Fe atom distal to the thioether lig-
in the computational mod¢80]. and, leading to a monocyanide intermediate 2[B©)s

oC

S\
CN\ L, _ON
..... wFeT——%pg
0 \u. co
oc co

(E)

Fig. 15. Summary of the cyanation chemistry of A, as inferred by DFT calculaiddis
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(CN)(MeSCHC(Me)(CH,S))] (B) in which the thioether DFT calculations, the regiochemistry of protonation in
group is not coordinated to the iron ioRif. 14). B slowly bimetallic carbonyl thiolate§85]. Remarkably, and differ-
loses CO to form C. The reaction of C with cyanide ently from usual metal cyano complex@s], it turned out
results in the formation of a dicyanide species which, that protonation at the F&e bond is competitive with pro-
on the basis of FT-IR spectra, has been characterized agonation at CN. In addition, the site of protonation is subtly
[Fex(CO)(n-CO)(MeSCHC(Me)(CHS))(CN)2]%~ (D). dependent on the coligands and occurs more favourably at the
This species, which has the key attributes of the Fe-Fe bond for [Fe(SCHCH>CH,S)(CN)(CO)(PMe3)]~
[2Fely cluster (FeSs core and bridging CO), slowly than for [Fe(SCH,CH,CH2S)(CN)(CO)(PHs3)]~ or
rearranges to the thermodynamically stable product [Fex(SCHCH2CHLS)(CN)(CO)(P(OMe))]~ complexes.
[Fex(CO)(MeSCHC(Me)(CHS))(CN)]%~ (E), in which Structures and vibrational frequencies for a series of
the bridging carbonyl has switched to a terminally bound [Fe(CN)(CO),] complexes have been recently investigated
mode. Experimental data indicate that the initial cyanation at the BP86 level of theory, showing that computed €©
of the FeSz-complex A takes place via an associative mech- bond distances are in very close agreement with X-ray data,
anism. However, the reaction rate for mono-cyanation of the whereas the F&CN bond lenghts are generally slightly over-
FeS3 species A is about 10,000-fold larger than that ob- estimated94]. In addition, the FeCO covalent bonding is
served for corresponding F® specieg26]. Other major characterized by a significant contribution of theénterac-
differences are related to the substitution of CO by a secondtion, while the Fe-CN bonds have much less pronouneed
cyanide ligand. In particular, the second cyanation step tak- character.
ing place on the F£53 species is kinetically hindered with
respect to corresponding £ complexes. In addition, spec-
troscopic data are consistent with the presence pf@O 3. Conclusions and perspectives
group in D, whereas no long-lived intermediates featuring
bridging CO have been characterized along the pathway to  Important progresses in understanding the way hydrogen
[(n-pdt)Fe(CO)M(CN)2]2~. With the aim of better under-  is produced or oxidized by [NiFe] and [Fe] hydrogenases have
standing the chemistry of E8; complexes and complement been made in the last few years, due to results obtained in the
the kinetic and spectroscopic characterization of intermedi- fields of genetics, structural biology, spectroscopy, electro-
ate species along the cyanation pathway, Zampella et al. havechemistry and synthetic and theoretical chemistry. However,
recently reported the DFT investigation of the mechanism in spite of key results obtained investigating [NiFe] and [Fe]
of cyanation of the F£53 complex A[46]. As postulated hydrogenases, as well as related synthetic models, the avail-
from kinetic studie$92], the first cyanation step implies the able data are still incomplete and sometimes difficult to be
formation of a transition state characterized by a CO group interpreted, mainly due to the complexity of the systems and
bridging the two metal ionsHig. 15. The low energy bar-  tothe elusive nature offhnd of intermediate species formed
rier was shown to be due to the presence of the thioetheralong the H < 2H* + 2e~ pathway. Consequently, some as-
group, which stabiliz@.-CO species. The kinetic differences pects of hydrogenase chemistry are still poorly understood
between F£S, and FeS; complexes in the second cyanation and controversigl95]. Nevertheless, some conclusions can
step were proposed to be due to deactivation of the Fe ion,be drawn on the ground of recent theoretical results. DFT in-
caused by coordination of the thioether moiety, as well as by vestigations of models of [NiFe] hydrogenases converge on
hindered rotation of the reacting Febroup. Moreover, the  the proposal that bis initially bound to a Ni(ll)Fe(ll) species
correspondence of calculated and experimental infra-red datathat should correspond to Ni-Sl. Moreoveg, &ttivation and
fully supported the structural assignment of th€0O species  cleavage is thought to imply the formation @fH species.
D [92]. Remarkably, all DFT studies aimed at clarifying the In particular, the possibility that Ni-C corresponds tp.ad
cyanation of complexes related to the [2fe]uster confirm Ni(lll)Fe(ll) species is now theoretically well grounded and
that the formation of bridging carbonyl intermediates is a key infullagreementwith spectroscopic data. Finally, results con-
step in the synthesis of this class of compoufafs46]. verge on the proposal that Fe(ll) does not change oxidation
DFT calculations have been successfully used to clarify state and remains in the low spin configuration throughout
the structural and electronic properties of other synthetic the catalytic cycle. However, other issues related to the na-
models related to the metal cofactor. The properties of ture of intermediate species formed in the catalytic cycle of
di-iron azadithiolate complexes, which are relevant model [NiFe] hydrogenases are still controversial and require fur-
complexes of the [2Fg]subunit, have been investigated by ther investigations. It is unclear whethes Bictivation takes
Rauchfuss and coworke[27]. In particular, it was shown  place on iron or nickel, the redox state of the Ni ion in the
that the experimentally characterized structural properties of Ho heterolytic cleavage step is controversial and both a cys-
[Fe2(SCHNMeCH,S)(CO)] result from a balance between teine residue and a water molecule have been proposed to be
the anomeric effect, which favours the axial disposition of involved in H, activation. Moreover, further theoretical and
the methyl group, and a competing steric repulsion betweenexperimental studies are necessary to corroborate the recent
the axial methyl and one carbonyl ligand. Rauchfuss and evidences for the formation of high spin species and to clarify
coworkers have also investigated, experimentally and by their role in the catalytic cycle.
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The theoretical investigations of models of the [Fe] hy- cluster[96]. Further exploration of the factors governing the
drogenase active site has contributed to the characterizatiorprotonation site, as well as the catalytic relevance of terminal
of the redox states of the [2Rkelcluster. Both theoretical — and bridged hydride species are also necessary. Finally, the
and experimental evidences converge on the proposal thatole of the proximal [F§S4] cluster in modulating the elec-
Fe()Fe(l), Fe(IDFe(l) and Fe(ll)Fe(ll) species are formed tronic and structural properties of the [2ga}luster is still
in the catalytic cycle. In addition, DFT studies suggest that largely unexplored.

H» activation takes place on a Fe(ll)Fe(ll) species. In partic-  Even though [NiFe] and [Fe] hydrogenases are evolution-
ular, it has been shown that the heterolytic cleavage .0f H ary uncorrelated, the metal cofactors thought to be directly
can be mediated by a group belonging to the [2Falster, involved in H activation show some structural similarity
such as the NH group of the chelating DTMA ligand or a S (Fig. 1). In both enzymes, the catalytic cluster is dinuclear, it
atom of PDT. If DTMA is the chelating ligand in the [2kg] is bound to the protein via cysteine residues, thiolate groups
cluster, B cleavage can take place without the formation bridges the two metal centres, and biologically ‘unusual’ CO
of a u-H intermediate species. However, experimental and and CN ligands are coordinated to iron ions. The common
DFT results indicate that protonation of dinuclear coordina- features might be an example of convergent evolution and
tion compounds related to the [2redofactor usually takes  consequently the elucidation of their role is expected to be
place at the Fe—Fe bond. Also in this case, further investiga-important to design novel catalysts. However, the structural
tions are necessary to clarify these issues. In this context, itresemblance between the [NiFe] and [Fe] hydrogenase active
should be noted that the presence of a DTMA ligand, which site does not necessarily imply an identical catalytic strategy
can play the role of the base in the Heterolytic cleavage, is  to activate H. Indeed, the active sites of [NiFe] and [Fe] hy-
not incompatible with the formation @f-H species, as sug- drogenases can be considered similar in quite different ways
gested recently also by Lomoth and coworkers on the ground(Fig. 16). Moreover, it has been noted thas bixidation and

of the catalytic properties of synthetic models of the [2Fe] proton reduction might involve separate catalytic cycles be-

/
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Fig. 16. Similarity between the active sites of [NiFe] and [Fe] hydroganases, as proposed by Fontecilla-Camps and ¢b8jaf&eesnd by the authors of
this review (b).
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cause these two processes are driven by respective energy R.P. Happe, W. Roseboom, A.J. Pierik, S.P. Albracht, K.A. Bagley,

sourceg[95]. Therefore, the theoretical comparison of the

Nature 385 (1997) 126.

catalytic properties of models related to the active site of 11 V-M. Fernandez, E.C. Hatchikian, R. Cammack, Biochim. Biophys.

[NiFe] and [Fe] hydrogenases models, as well as the design,
and computational characterization of ‘hybrid’ models, could
be relevant to shed light on the essential requirement for catal-

Acta 832 (1985) 69.

[12] M. Teixeira, |. Mora, G. Fauque, M. Czechowski, Y. Berlier, P. A:

Lespinat, J. LeGall, A.V. Xavier, J.J.G. Moura, Biochimie 68 (1986)
75.

ysis and drive experimental efforts aimed at the synthesis of[13] L.M. Roberts, P.A. Lindahl, Biochemistry 33 (1994) 14339;

new catalysts.

In conclusion, different research groups have used
different computational strategies to investigate the elusive
properties of the binuclear clusters found in [NiFe] and

[Fe] hydrogenases. Complementary approaches have often

led to similar conclusions that, most importantly, well
fitted to or even predicted experimental results. In fact,
recent studies have clearly showed that the symbiotic
relationship between ‘in silico’ and ‘wet’ coordination
chemistry can successfully lead to a better understanding
of the properties of organometallic compounds related to
the metallic cofactors found in [NiFe] and [Fe] hydroge-
nases[14,27,46,52,80] The evolution of such interplay

is anticipated to be crucial to clarify issues that are still
controversial.
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