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Abstract- The mimicking of natural processes and the development of alternative methods to obtain clean fuels such as H,, have been
of great interest in recent years. In nature, the hydrogenase enzymes at some bacteria and algae are responsible of the fermentation and
biophotolysis processes. This class of enzymes performs the reduction of hydronium ions to molecular hydrogen. Due to the
composition of its active site, the hydrogenase enzymes are classified as: [Fe-Ni], [Fe-Fe] and [Fe] -hydrogenases. The study of its
active centers has allowed inspiring model compounds that promote the advance in the development of efficient catalysts for the
generation of hydrogen. In this review, we present some complexes that have been studied as models to imitate the active centers of
the hydrogenases. Also, we analyze some electronic properties that they present. The most commonly used methods to mimic
hydrogenases are structural, spectral or functional. Some of the common metals for this purpose are iron, nickel or cobalt, among
others. In order to obtain an accurate model of a hydrogenase enzyme, several properties of the metals and ligands used for the
generation of a metallic complex should be considered. These might promote some effects that could interfere with the electronic
transfer and the subsequent redox process in the generation of molecular hydrogen.

Index Terms- Catalytic center, metal complex, hydrogenases, hydrogen production.

I. INTRODUCTION

Fuels have been essential elements in our civilization, it is estimated that by 2080 molecular hydrogen could be the main source of
energy [1]. Currently, hydrogen is considered an alternative fuel, with potential that could decrease environmental damage by
reducing the consumption of fossil fuels [2, 3]. In order to generate an environmentally and economically sustainable society,
molecular hydrogen must be obtained by environmentally friendly methods and green technologies should be developed, for example
the water splitting using sunlight[4]. In 1912 Giacomo Ciamician manifested the necessity to abandon the use of fossil fuels and
theorized the generation of new technologies based on photochemical devices, with the potential to mimic the natural systems such
photosynthesis [5]. This process is considered the most important reaction in biosphere, the advances in synthetic chemistry and the
understanding of natural processes might allow the mimicking of biological processes and the possible generation of clean fuels such
as H2, using water as a raw material[6]. In nature, hydrogenase enzymes carry out the reduction reactions of hydrogen ions

to generate molecular hydrogen. These enzymes inspire the design of catalysts for this reduction process [7]. In order to contribute to
the understanding of the function, structure and promote the imitation of hydrogenase enzymes, several compounds with an analogous
structure to the active center of this enzyme have been synthesized[8]. However currently, the search continues for compounds that
can work as catalysts in the generation of molecular hydrogen[6]. A common strategy involves the modification of ligands to bind two
metals and allow the synthesis of binuclear complexes [9]. In this review, we show some complexes that have been synthesized as
models to mimic hydrogenases. Some of its advantages and disadvantages are analyzed, as well as its properties in the electron
transfer reactions.

Il. HYDROGENASES IN THE HYDROGEN GENERATION

A. Hydrogen production

Molecular hydrogen has a great potential for energy storage: the energy stored per mole of molecular hydrogen at 298K is AG°= 237.2
KJ/mol, considering its small mass, the capacity of hydrogen to store energy per gram is of 119000 J/g. When this value is compared
to fossil fuels which provide 40,000 J/g, the energy value of molecular hydrogen is considered excessively high [10]. Also, it has the
advantage of generating clean combustion, because when combined with oxygen, it produces heat, electricity and only water vapor as
a by-product. This characteristic is considered one of the great attributes as an alternative energy source, but only if it is obtained by
sustainable methods[11]. A slight disadvantage of hydrogen is its detonation limit in air, which is 4%, while that of butane is 1.86%,
so the use of hydrogen may not be more dangerous than using natural gas[10].
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Currently, the hydrogen production is carried out by methods of hydrocarbon reforming by steam or coal gasification. Both methods
use fossil fuels, under high conditions of temperature and pressure, which promotes the generation of greenhouse gases [4]. There are
some green technologies for the production of hydrogen, such as: the electrolysis of water by photovoltaic systems [9], the photolysis
of water through the use of microorganisms [4], some other pioneering technologies that are still in development [12-14] and the
artificial photosynthesis [9, 11]. The use of photovoltaic systems is initially very expensive, due to the cost of the equipment used [3].
The production of hydrogen through bacterial photosynthesis has some important barriers, such as inactivation by oxygen and light
capture, among other [15]. Also, the microorganisms that have been studied, show a production of hydrogen in a very low rate [4]. On
the other hand, artificial photosynthesis is considered one of the most promising alternatives for the production of hydrogen from
water. Artificial photosynthetic systems must carry out key processes, such as photo-excitation and oxidation, which allows an
electron to be generated and with this, a subsequent reduction of chemical species [8]. To achieve a design of artificial systems
producing hydrogen, attention should be focused on chemical compounds that mimic the hydrogenase enzymes present in nature and
consider the structure of metal clusters at the active site, where the generation of hydrogen takes place [15].

B. Hydrogenases

The molecular hydrogen production in microorganisms is linked to the activities of electron transport of its biogeochemical cycle [16].
Hydrogenase enzymes are present in microorganisms that incorporate hydrogen into their metabolisms, such as sulfate-reducing
photosynthetic bacteria and some eukaryotic algae [7, 17]. Hydrogenase enzymes have diverse functions, mainly catalyze the
conversion of hydrogen ions and electrons to molecular hydrogen [7], according to reaction (1):

Hp = 2H"+ 2¢° (1)

The hydrogenase enzymes are classified according to the structure of its active center into three types: iron-iron hydrogenases or
[FeFe]lhydrogenases, nickel-iron hydrogenases or [NiFe]hydrogenases and iron hydrogenases or [Fe]hydrogenases [8].The functions
performed by the hydrogenase enzymes, depends on its site in cell where they are present, so many bacteria have two or more
different hydrogenase enzymes. Also several bacteria have a single type of enzyme [NiFe]hydrogenases or [Fe]hydrogenases [7].
Most of the hydrogenases can catalyze the reaction (1) in vitro in any direction [7, 8, 17]. [FeFe]hydrogenases and
[NiFe]hydrogenases perform as redox catalysts, while [Fe]hydrogenases catalyze the reversible heterolytic cleavage of H, [8]
according to reaction (2):

Hy < H'+ H )

In recent years, using studies of X-ray crystallography, spectroscopy and chemical modeling, different structures of hydrogenase
enzymes have been characterized. This has allowed distinguishing the chemical structure in the three types of hydrogenases. Despite
the spectral differences, the metal centers of the hydrogenase enzymes have structural and chemical analogies [7].

The three enzymes classes contain H, activating sites, around one iron unit coordinated with a carbonyl (CO) and sulfur atoms. The
CO and cyanide (CN") are structural elements of each active center and is the unique feature of the hydrogenase enzymes [8]. An
important aspect which has generated great controversy, is the oxidation state of the metal atoms in the active center, the results in
several studies are contradictory[8].Some artificial models of hydrogenase enzymes that have been synthesized, show that their
structure can be manipulated with a degree of predictability. Also several of its physical properties such as solubility, basicity and
redox potential [18]. In addition, the development of several feasible method to generate the catalytic splitting of H,O for the
production of H, on a large scale have been proposed [8].

I1l. HYDROGENASE ARTIFICIAL MODELS

Several studies have reported diverse synthetic models to mimic the hydrogenase enzymes. Some of these compounds are based on the
structural or spectral mimicking of the active site of the enzymes. For this purpose, some metal ions such as ruthenium, osmium,
platinum, cobalt, iron and nickel have been used. Nevertheless iron and nickel are present in the active center of the enzymes,
therefore they are the best candidates for participate in mimicking the structure of the active site[6].

A. [NiFe]hydrogenase artificial models

A crystallographic structure of the [NiFe]hydrogenase was obtained by isolating the enzyme from a strain of one reducing-sulfate
bacterium: Desulfovibrio vulgaris Miyazaki. Its study showed that the metallic center NiFe, allows the stabilization of iron atom at the
redox state +2 [19]. During the catalytic cycle, the nickel atom is the site where the reaction begins which changes for several
oxidation states[20] which allows to the iron atom remain at oxidation state of +2 [8]. The studies carried out on these enzymes have
been a key point for the understanding of structural and functional properties of the active center. Some of the electronic transfers in
the metallic center can be reflected in the spectrophotometric studies of hydrogenase enzymes such the signal of maximum absorbance
at 360 nm of hydrogenases isolated from a strain of M. marburgensis [21]. The electronic structure of the enzyme is related to its
catalytic activity, this encourage the purpose to mimic the structure of the active-center of [NiFe]hydrogenases.
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Several research groups have synthesized and characterized multiple compounds with structural analogies such as the bonding
distances and geometric arrangement analogous to the metallic center of the enzyme[22] or synthesizing compounds with metal
centers analogous to this enzyme, which incorporate an iron and a nickel atom. Also, it has been determined its activity in the
molecular hydrogen generation, this has allowed increasing the understand of the mechanism of this enzyme[23]. The ligand is an
essential constituent for the synthesis of these compounds, in several studies have reported that a substituted 2,2'-bipyridyl could
provide the necessary characteristics for catalyzing the molecular-hydrogen generation reaction, by promoting structural and
spectroscopic properties analogous to hydrogenase enzyme[23]. Some other compounds are used as ligands: 1,3,5,7-tetraphenyl-1,5-
diaza-3,7-diphosphacyclooctane, substituted with aromatic rings or mercaptoimidazole. These compounds have been reported as
models of the active-center of the enzyme, also the generation of molecular hydrogen has been catalyzed when a nickel complex has
been coordinated with this ligand by phosphorus atoms, which induces a stability to the complex[24]. An additional complex studied
is nickel(I1)-bis(2-mercapto-1-methylimida-zolyl)borate, which shows structural characteristics similar to [NiFe]hydrogenase with
interesting redox properties [25]. In another study, residues of cysteine and phenylalanine coordinated to the metal center were used,
the aromatic rings of the ligands promote a electronic transfer which catalyzes the reaction of reduction [26]. Finally, a binuclear
nickel compound was studied, [Ni,(L)(MeCN),]** (L* macrocycle incorporating imine N and thiolate S donors) with a Ni(lll) and
Ni(Il) centers, linked by a two thiolates bridge, also a nickel atom is coordinated with two acetonitrile molecules [27]. While several
studies focused on the synthesis of diverse compounds, other studies focused on the electronic characterization of the active center or
its model compounds. Several spectroscopic techniques such as UV-Vis and Raman spectroscopy were used to characterize two model
complexes with a similar structure to the active-center of hydrogenase enzyme. One of these compounds with an iron atom bonded to
a thiolate bridge shows peaks of visible spectrum at 400, 500 and 590 nm. A different compound has a hydrogen atom that performs
as a bridge, shows absorption signals at 290, 350, 450 and 575 nm. The peaks were assigned to a charge transfer from nickel to the
phosphine and thiolate ligands, while the other assignment corresponds to the transfer between iron and nickel atoms. Another signal
that was found corresponds to a charge transfer from the thiolate ligand to the iron center [28]. In a diferent study, some nickel
complexes with trimethylphosphine, phenylselenolate or ethanethiolate, were spectrally characterized. If phenylselenolate is
coordinated, absorption bands at 590 and 620 nm are showed. On the other hand if a chloride ion is coordinated its signals changed to
954 and 990 nm, with ethanethiolate were observed bands of 577 and 920 nm [29]. Other exotic studies evaluated the effect of the
ligand trimethylphosphine which has an electron donor-acceptor capacity [30]. Also, have been synthesized compounds with a Ni-Fe
metal-center attached to a ferrocene complex [31]. There is great controversy about the redox inactivity of iron in the proposed
mechanism of [NiFe]hydrogenases enzymes. In order to promote the redox activity that nickel has in the enzyme, some studies have
synthesized complexes with a metallic center that contains only nickel[8].

B. [FeFe]hydrogenase artificial models

The [FeFe]hydrogenases enzymes have their active center conformed by a metallic cluster with two iron atoms [8], with a three-
dimensional structure of square pyramid shaped, where both iron atoms are linked by a dithiolate bridge [32]. In addition to the metal
cluster, the hydrogenases have an additional ferredoxin clusters: [4Fe-4S] and [2Fe-2S], which during the catalytic cycle performing
as electron transfer centers [33]. Some studies about the mechanism of H2 formation that occurs in [FeFe]hydrogenases have proposed
that the first step for catalysis is the transfer of a first electron to the iron center. Subsequently, a second transfer carries out the
electron to the ferredoxin center that is farthest from the di-iron center, so that the ferredoxin centers can store the second electron.
Finally, the stored electrons are used for the reduction of hydrogen ions and generate molecular hydrogen [34-36]. During all steps of
catalytic cycle, one of the two iron atoms of the metal center maintains its oxidation state of +2, while the other iron atom is constantly
changing its oxidation state [37]. Other compounds promote a similar structure to the active-center of the enzyme using cyanide as a
ligand to replace carbonyls [38] and pyridine which can generate molecular hydrogen [39]. Also, other compounds with structural
characteristics different from the enzyme have been studied, using ligands such as dimethyl-azadithiolate [40], trimethylphosphyne
[41, 42]. It was found that due to the electrons delocalization a change in the oxidation states of the metal-centers occurs. Also, a
model was synthesized with 3,6-dichlorobenzene-1,2-dithiolate and used in conjunction with a ruthenium photosensitizer, showing
activity in the hydrogen generation [43]. A few complexes has been synthesized with more than two iron atoms, binding a di-iron
compound with a [4Fe4S] cluster, which can be an aid to improve the understanding of the chemical processes that occur in the
natural process [44, 45]. In another study, several tetra-nuclear iron compounds were synthesized with benzene-1,2,3,4-tetra-thiolato
[46]. Spectral studies of the enzyme and its artificial models are a key for the understanding of the electronic structure and the
catalytic mechanism for the molecular hydrogen generation. Some of the electronic transitions occurring in the enzyme active-center
have been studied by UV-Vis methods. A [FeFe]hydrogenase enzyme was purified from DesulfoVibrio desulfuricans, showing
absorption bands at 280 and 390 nm [45]. Some models that have been studied show absorption bands between 260 and 420 nm
analogous to the enzyme. Using benzylamine and chitosan a compound was synthesized. It was determined that chitosan promotes a
stabilization of the molecules linked to the metal center and increases the electrons transfer for the generation of H,. In addition, by
spectrophotometric techniques were observed signals at 336 nm [44]. In another work, a compound was synthesized with the
azadithiolate cofactor showing UV absorption bands at 330 nm, this system is able to use light to photocatalyze the hydrogen
formation [47].
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In another study, a compound was synthesized from three ether chains linked. In this compound were observed absorption bands at
350 nm and emission bands at 670 nm [48]. Also, a di-iron cluster linked to tetra-phenyl-porphyrin was synthesized, which shows a
maximum absorption at 419 nm and emission at 655 and 719 nm. It is believed that these signals are due to the electrons transfer from
the porphyrin to the di-iron metal-center [49]. The 7-mercapto-4-methylcoumarin was also used as ligand, in which showed absorption
bands at 288 and 338 nm and emission at 370 nm. This spectral analysis indicated a photoinduced electron transfer of 7-mercapto-4-
methylcuomarinligand to metal center [50]. Also, a dinuclear iron center linked with the photosensitizer bis-2,2"-bipyridyl-2-
phenylpyridyl-iridium(l), is able of carrying out all process for the molecular hydrogen generation from water. This compound shows
absorption bands between 260-320 nm attributed to n-n * transitions located in 2,2'-bipyridyl and 2-phenylpyridyl, other signals at
300-400 nm were assigned to metal to ligand charge transfer transitions [51].

C. [Fe]hydrogenase artificial models

Iron hydrogenases or [Fe]lhydrogenases were discovered in 1990, in their structure, they have only iron atom in their active center [8].
Although [Fe]hydrogenases mantein analogies to [FeFe]- and [NiFe]hydrogenases, they are completely different. This was determined
by mass spectroscopy and infrared spectroscopy studies [52]. In the iron hydrogenases, the generation of molecular hydrogen occurs
in the active center which is an inverted site with a quadrangular pyramid structure, which allows the electron density to flow from the
ferredoxin centers [32]. In 1972 a research group performed spectrophotometric studies on purified hydrogenases obtained from a
strain of Clostridium pasteurianum, in this study were observed absorption bands at 340, 415 and 440 nm in oxidized-state and signals
at 410 and 590 nm in reduced-state [53]. To evaluate the relationship between the enzyme spectrum and the active-center iron
geometry were performed studies where the A. Eutrophus hydrogenase absorption spectrum was compared with other proteins that
have iron components. It was found that the signals are similar to iron proteins without heme groups, showing maximum absorption at
380 and 420 nm, and emission at 526 nm [54]. Also, have been synthesized iron complexes with acyl, carbonyl and pyridine ligands,
with structural analogies to those of enzyme in nature. Also, phosphine has been used as ligand, which induced a significant stability
to the compound, in a greater proportion than N-donor ligands [55]. Song's group synthesized and characterized compounds similar to
enzyme metal-center, linked to acylmethyl(hydroxymethyl)pyridine [56, 57]. They was observed that the geometry is similar to exists
in the enzyme active-center [57]. Also, have been synthesized complexes with 2-pyridylamino-N,N-bis(2-methylene-4-methyl-6-tert-
butylphenol) and 2-pyridylamino-N,N-bis(2-methylene-4-methoxyl-6-tert-butylphenol), which show absorption bands at 348 and 520
nm, these were attributed to a charge-transfer from ligands phenolate to iron(l1l) atom [58]. On the other hand, some studies with
models that mimic the [Fe]hydrogenases, show the importance of the ligands linked to the metal center, which can induce link-up of
the hydrogen ions to the metal center for its subsequent reduction [59]. In a similar study researches found that the use of n-acceptor
ligands provide a strong interaction to the iron center [60]. Finally, it was observed that methyl thiolate compounds can be
incorporated with iron and these which can improve the modeling of the active center of the enzyme [61].

D. Artificial models with other metal centers

To mimic the activity of hydrogenase enzymes in the generation of molecular hydrogen, additional to the use of iron and nickel, other
metal ions such as ruthenium, rhodium, osmium and cobalt have been studied. The use of these transition metals have allowed to
partially elucidate the mechanism of hydronium ion reduction to molecular hydrogen [17]. The first chemical model that mimics the
hydrogenase enzyme reaction was a complex with ruthenium(l1l) reported by Harrod et al., in which multiple reactions are promoted
with several changes in the ruthenium oxidation state, which bring to molecular hydrogen generation [62]. Other ruthenium complexes
have been synthesized to obtain molecular hydrogen using 2-pyridyl, 2-N-methylimidazolyl, porphyrins and phosphines as ligands. It
was observed that by using 2-pyridyl-2-N-methylimidazolyl is promoted the electrons transfer between metal centers [63]. With
porphyrin, it was determined that the H, formation do not occur, possibly due to its rigid shape, which limits hydrogen binding to an
only coordination site [64]. Also, has been analyzed the reactivity of two ruthenium complexes with 1,2-
bis(dihydroxypropylphosphino)ethane and 1,2-bis(dihydroxymethylphosphino)ethane ligands [65]. A rhodium complex was
synthesized with 1,2-bis[(2-mercapto-3,5-di-tert-butylphenylthio]ethane, which was studied to mimic the catalytic mechanism of
hydrogenase enzymes, is considered the first compounds that promotes the understanding of the mechanism of these enzymes [66].
Also, have been synthesized osmium complexes with benzophenone-imine ligand, which has allowed studying the interaction of the
metal atom with hydrogen atoms and its subsequent reduction to molecular hydrogen [67, 68]. On the other hand, the interaction
between palladium and molecular hydrogen has been studied and it has been concluded that it can occurs from electronic
delocalization and charge transfer in the complex. This allows to theorize the effect of metal complexes and hydrogen interactions and
generation [69]. Since the 1980s, cobalt has been one of the most explored metal ions in the complexes formation that mimic the
hydrogenases active center. Studies with this metal have focused in the hydronium reduction for the molecular hydrogen generation,
some are able of generate molecular hydrogen with a low production rate. These systems show spectral characteristics similar to
enzyme systems, with signals that appear between 230-350 nm and 420-470 nm.

Several ligands used in the cobalt complexes promote electronic transitions and wavelengths analogous to the nature systems, these
ligands are: (difluoroboryl)dimethylglyoximato that shows absorption bands at 328 and 456 nm [70]; N,N-bis(2-pyridinylmethyl)-
2,2’-bipyridine-6-methanamine, shows bands assign to z-n* transitions (247 y 300 nm), d-d transitions (420/470 nm) and other
transitions at 337 nm [71]; 2,2"-bypiridyl [72], with absorption bands at 300 nm [73]; 2-bis(2-pyridyl)(methoxy)methyl-6-
pyridylpyridine with absorption bands at 550 and 600 nm [74]; 2-acetylpyridine shows absorption bands due - n* transitions (275 y
230 nm), d-d transitions (450 nm) and other electronic transfers at 310 nm [75]. Porphyrins are used also, showing absorption signals
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at 407 and 526 nm [76]; using 1,1,1-tris(diphenylphosphinomethyl) [77], shows absorption bands at 680 nm [78]. By correlating the
transitions with complexes stoichiometry can be an aid to know the electronic structure and the metal centers geometry [79]. Also, it is
important to consider the properties of the ligand coordinated to the metal-center, for example, the ligand: 2-bis(2-
pyridyl)(methoxy)methyl-6-pyridylpyridine can stabilize the complex in aqueous solutions [74]. On the other hand, ligands such
diimines and pyridines are used due to their properties to stabilize the complex and generate a electronic delocalization[80]. This
allows a high electron transfer to the ligands rings, promoting stability to the complexes, with metal ions that have d-orbitals, this is
probably the result of the ability to form =-bonds by overlapping d full orbitals and n* empty orbitals of ligand ring [79]. Although
most complexes have been used individually, some studies report the simultaneous use of a photo-sensitizer with metal ions such
iridium or ruthenium. One of the most prominent systems involves cobalt and ruthenium complexes with 2,2'-bipyridyl, in which it
was determined that the activity molecular hydrogen generation increases when 2,2'-bipyridyl is substituted with methyl groups [72].
Several system uses the tris-2,2'-bipyridyl-ruthenium(ll) complex as photosensitizer together cobalt(Il)-dithiolene complex [81],
shows an absorption band at 390 nm and also the photosensitizer characteristic bands. Finally a study use tris-(2,2’-
bipyridyl)cobalt(Il) complex like reducer agent and a gadolinium(l11) as photosensitizer, which shows an comparable photocatalytic
efficiency compared to [Ru(bipy)s]** complex [82].

IV. CONCLUSION

Hydrogenase enzymes have been studied extensively. However, the development of an efficient catalyst for hydrogen generation, with
structural analogies to enzymes, is at a very early stage. This can be attributed to the fact that the electron transfer in the reactions
promoted by this enzyme has a high efficiency, promoting the proposals of very complex mechanisms. To design an artificial model
of a hydrogenase enzyme, it is important to know the previous studies of artificial models, as well have access to structural and
spectroscopic information of the enzyme. The study of the intramolecular structure of the enzyme hydrogenase might allow to know
the electron transfer reactions during the redox cycles of metal atoms in the active center and contribute to future designs of artificial
systems. On the other hand, different studies indicate that it is important to choose the metal and ligands used to obtain these
complexes. The ligand might promote a single coordination site or several in the coordination sphere, this modify the geometry and
stability of the complex. To generate a catalytic activity, artificial models require that the metal ions involved should generate
complexes with an adequate coordination environment and promote high stability. These factors have limited the mimic the
hydrogenases metallic center. The synthesis of metal complexes requires several steric and electronic properties of ligands, to reduce
bond angles, distances and decrease the intramolecular tensions, which can affect the stability. This promote to focusing investigations
on the synthesis of active functional model. Finally, several research groups have initiated the study of different metallic complexes,
mono, di and multi-nuclear, with iron, nickel, cobalt, ruthenium and osmium, which have been reported to achieve the reduction of
hydrogen ions to molecular hydrogen.

ACKNOWLEDGMENT

The authors would like to thank the Secretaria de Educacion Publica (SEP) through the “Convocatoria 2017 de Fortalecimiento de
Cuerpos Académicos” and Secretaria de Innovacion, Ciencia y Educacidn Superior (SICES) through their program “Convocatoria de
Investigadores Jovenes 2016, in the project “Obtencion de Clusteres Manganeso-Calcio para su Aplicacion Potencial en Sistemas de
Fotosintesis Artificial”, for their economic support, is gratefully acknowledged.

REFERENCES

[1] P.E.V.d. Miranda, Combustiveis - materiais essenciais para prover energia a nossa sociedade, Matéria (Rio de Janeiro), 18 (2013) 0-0.

[2] I. McConnell, G. Li, G.W. Brudvig, Energy Conversion in Natural and Artificial Photosynthesis, Chemistry & Biology, 17 (2010) 434-447.

[3] J. Nowotny, C.C. Sorrell, L.R. Sheppard, T. Bak, Solar-hydrogen: Environmentally safe fuel for the future, International Journal of Hydrogen Energy, 30 (2005)
521-544.

[4] D.-H. Kim, M.-S. Kim, Hydrogenases for biological hydrogen production, Bioresource Technology, 102 (2011) 8423-8431.

[5] G. Ciamician, The photochemistry of the future, Science, 36 (1912) 385-394.

[6] C. Casadevall, A. Call, Z. Codola, F. Acufia-Parés, J. Lloret-Fillol, Catalizadores para la conversion de la energia solar en enlaces quimicos, Anales de Quimica, 112
(2016) 133-141.

[7] P.M. Vignais, B. Billoud, J. Meyer, Classification and phylogeny of hydrogenases, 2001.

[8] P.M.H. Kroneck, M.E.S. Torres, A. Parkin, Understanding and Harnessing Hydrogenases, Biological Dihydrogen Catalysts, in: The Metal-Driven Biogeochemistry
of Gaseous Compounds in the Environment, Springer Netherlands, 2014, pp. 99-124.

[9] K. Arifin, E.H. Majlan, W.R. Wan Daud, M.B. Kassim, Bimetallic complexes in artificial photosynthesis for hydrogen production: A review, International Journal
of Hydrogen Energy, 37 (2011) 3066-3087.

[10] E. Amouyal, Photochemical production of hydrogen and oxygen from water: A review and state of the art, Solar Energy Materials and Solar Cells, 38 (1995) 249-
276.

[11] M. Momirlan, T.N. Veziroglu, The properties of hydrogen as fuel tomorrow in sustainable energy system for a cleaner planet, International Journal of Hydrogen
Energy, 30 (2005) 795-802.

[12] A.L. Gallina, A.P.C. Matheus, B.V. Dias, M.F.d. Oliveira, P.R.P. Rodrigues, Aplicacéo do aco carbono e ferro Armco na producéo de gés hidrogénio em &cido
férmico, Matéria (Rio de Janeiro), 21 (2016) 880-897.

[13] F.R.R. Caldas, J.d.O. Guimarées, M.E. Medeiros, F.M.d.S. Garrido, Efeito de dxidos de niquel na sinterizagdo de nanoparticulas de 6xido de cério dopado com
samario (SDC) para aplicacdo em pilhas a combustivel, Matéria (Rio de Janeiro), 20 (2015) 491-500.

[14] J.S. Moura, L.A. Silva, M.C. Rangel, G.C. Araljo, Sintese e caracterizagdo de perovskitas do tipo LaNil-xCuxO3 para a purificacdo de hidrogénio para PaCOS,
Matéria (Rio de Janeiro), 15 (2010) 472-479.

WWW.ijsrp.or


http://ijsrp.org/

International Journal of Scientific and Research Publications, VVolume 7, Issue 12, December 2017 267
ISSN 2250-3153

[15] P.C. Hallenbeck, J.R. Benemann, Biological hydrogen production; fundamentals and limiting processes, International Journal of Hydrogen Energy, 27 (2002)
1185-1193.

[16] T.M. Hoehler, Biogeochemistry of dihydrogen (H2), Metal ions in biological systems, 43 (2005) 9-48.

[17] M.W.W. Adams, L.E. Mortenson, J.-S. Chen, Hydrogenase, Biochimica et Biophysica Acta (BBA) - Reviews on Bioenergetics, 594 (1980) 105-176.

[18] B.E. Barton, M.T. Olsen, T.B. Rauchfuss, Artificial hydrogenases, Current Opinion in Biotechnology, 21 (2010) 292-297.

[19] Y. Higuchi, T. Yagi, N. Yasuoka, Unusual ligand structure in Ni-Fe active center and an additional Mg site in hydrogenase revealed by high resolution X-ray
structure analysis, Structure, 5 (1997) 1671-1680.

[20] V.H. Teixeira, A.n.M. Baptista, C.u.M. Soares, Pathways of H(2) toward the Active Site of [NiFe]-Hydrogenase, Biophysical Journal, 91 (2006) 2035-2045.

[21] E.J. Lyon, S. Shima, G. Buurman, S. Chowdhuri, A. Batschauer, K. Steinbach, R.K. Thauer, UV-A/blue-light inactivation of the ‘metal-free” hydrogenase (Hmd)
from methanogenic archaea, European Journal of Biochemistry, 271 (2004) 195-204.

[22] W. Zhu, A.C. Marr, Q. Wang, F. Neese, D.J.E. Spencer, AJ. Blake, P.A. Cooke, C. Wilson, M. Schrdder, Modulation of the electronic structure and the Ni—Fe
distance in heterobimetallic models for the active site in [NiFe]hydrogenase, Proceedings of the National Academy of Sciences of the United States of America, 102
(2005) 18280-18285.

[23] D. Brazzolotto, M. Gennari, N. Queyriaux, T.R. Simmons, J. Pécaut, S. Demeshko, F. Meyer, M. Orio, V. Artero, C. Duboc, Nickel-centred proton reduction
catalysis in a model of [NiFe] hydrogenase, Nat Chem, advance online publication (2016).

[24] A. Le Goff, V. Artero, B. Jousselme, P.D. Tran, N. Guillet, R. Métayé, A. Fihri, S. Palacin, M. Fontecave, From Hydrogenases to Noble Metal-Free Catalytic
Nanomaterials for H, Production and Uptake, Science, 326 (2009) 1384-1387.

[25] H.M. Alvarez, M. Krawiec, B.T. Donovan-Merkert, M. Fouzi, D. Rabinovich, Modeling Nickel Hydrogenases: Synthesis and Structure of a Distorted Octahedral
Complex with an Unprecedented [NiS4H2] Core, Inorganic Chemistry, 40 (2001) 5736-5737.

[26] P. Rodriguez-Macia, N. Priyadarshani, A. Dutta, C. Weidenthaler, W. Lubitz, W.J. Shaw, O. Rudiger, Covalent Attachment of the Water-insoluble
Ni(PCy2NPhe2)2 Electrocatalyst to Electrodes Showing Reversible Catalysis in Aqueous Solution, Electroanalysis, 28 (2016) 2452-2458.

[27] M. van Gastel, J.L. Shaw, A.J. Blake, M. Flores, M. Schroder, J. McMaster, W. Lubitz, Electronic Structure of a Binuclear Nickel Complex of Relevance to [NiFe]
Hydrogenase, Inorganic Chemistry, 47 (2008) 11688-11697.

[28] H.S. Shafaat, K. Weber, T. Petrenko, F. Neese, W. Lubitz, Key Hydride Vibrational Modes in [NiFe] Hydrogenase Model Compounds Studied by Resonance
Raman Spectroscopy and Density Functional Calculations, Inorganic Chemistry, 51 (2012) 11787-11797.

[29] C.-M. Lee, Y.-L. Chuang, C.-Y. Chiang, G.-H. Lee, W.-F. Liaw, Mononuclear Ni(Ill) Complexes [Nilll(L)(P(C6H3-3-SiMe3-2-S)3)]0/1- (L = Thiolate,
Selenolate, CH2CN, Cl, PPh3): Relevance to the Nickel Site of [NiFe] Hydrogenases, Inorganic Chemistry, 45 (2006) 10895-10904.

[30] D. Sellmann, F. Geipel, F. Lauderbach, F.W. Heinemann, [(C6H4S2)Ni(u-‘S3")Fe(CO)(PMe3)2]: A Dinuclear [NiFe] Complex Modeling the [(RS)2Ni(u-
SR)2Fe(CO)(L)2] Core of [NiFe] Hydrogenase Centers, Angewandte Chemie, 114 (2002) 654-656.

[31] C. Greco, Towards [NiFe]-hydrogenase biomimetic models that couple H2 hinding with functionally relevant intramolecular electron transfers: a quantum
chemical study, Dalton Transactions, 42 (2013) 13845-13854.

[32] M.Y. Darensbourg, E.J. Lyon, X. Zhao, I.P. Georgakaki, The organometallic active site of [Fe]hydrogenase: Models and entatic states, Proceedings of the National
Academy of Sciences, 100 (2003) 3683-3688.

[33] Y. Nicolet, J.C. Fontecilla-Camps, M. Fontecave, Maturation of [FeFe]-hydrogenases: Structures and mechanisms, International Journal of Hydrogen Energy, 35
(2010) 10750-10760.

[34] S. Trohalaki, R. Pachter, Mechanism of hydrogen production in [Fe-Fe]-hydrogenases: A quantum mechanics/molecular mechanics study, International Journal of
Hydrogen Energy, 35 (2010) 5318-5331.

[35] A. Adamska, A. Silakov, C. Lambertz, O. Rudiger, T. Happe, E. Reijerse, W. Lubitz, Identification and Characterization of the “Super-Reduced” State of the H-
Cluster in [FeFe] Hydrogenase: A New Building Block for the Catalytic Cycle?, Angewandte Chemie International Edition, 51 (2012) 11458-11462.

[36] Z.-P. Liu, P. Hu, Mechanism of H2 metabolism on Fe-only hydrogenases, The Journal of Chemical Physics, 117 (2002) 8177-8180.

[37] C. Greco, M. Bruschi, L. De Gioia, U. Ryde, A QM/MM Investigation of the Activation and Catalytic Mechanism of Fe-Only Hydrogenases, Inorganic Chemistry,
46 (2007) 5911-5921.

[38] X. Zhao, I.P. Georgakaki, M.L. Miller, R. Mejia-Rodriguez, C.-Y. Chiang, M.Y. Darensbourg, Catalysis of H2/D2 Scrambling and Other H/D Exchange Processes
by [Fe]-Hydrogenase Model Complexes, Inorganic Chemistry, 41 (2002) 3917-3928.

[39] X. Zhang, T. Zhang, Y. Wang, B. Li, G. Zhang, L. Hai, S. Jiang, Electrochemical catalysis investigation into the dynamic coordination properties of a pyridine-
substituted [2Fe2S] model complex, International Journal of Hydrogen Energy, 41 (2016) 22991-22996.

[40] S. Dey, A. Rana, D. Crouthers, B. Mondal, P.K. Das, M.Y. Darensbourg, A. Dey, Electrocatalytic O2 Reduction by [Fe-Fe]-Hydrogenase Active Site Models,
Journal of the American Chemical Society, 136 (2014) 8847-8850.

[41] G. Eilers, L. Schwartz, M. Stein, G. Zampella, L. de Gioia, S. Ott, R. Lomoth, Ligand versus Metal Protonation of an Iron Hydrogenase Active Site Mimic,
Chemistry — A European Journal, 13 (2007) 7075-7084.

[42] Y.-C. Liu, C.-H. Lee, G.-H. Lee, M.-H. Chiang, Influence of a Redox-Active Phosphane Ligand on the Oxidations of a Diiron Core Related to the Active Site of
Fe-Only Hydrogenase, European Journal of Inorganic Chemistry, 2011 (2011) 1155-1162.

[43] D. Streich, Y. Astuti, M. Orlandi, L. Schwartz, R. Lomoth, L. Hammarstrém, S. Ott, High-Turnover Photochemical Hydrogen Production Catalyzed by a Model
Complex of the [FeFe]-Hydrogenase Active Site, Chemistry — A European Journal, 16 (2010) 60-63.

[44] J.-X. Jian, Q. Liu, Z.-J. Li, F. Wang, X.-B. Li, C.-B. Li, B. Liu, Q.-Y. Meng, B. Chen, K. Feng, C.-H. Tung, L.-Z. Wu, Chitosan confinement enhances hydrogen
photogeneration from a mimic of the diiron subsite of [FeFe]-hydrogenase, Nature Communications, 4 (2013) 2695.

[45] Y. Nicolet, A.L. de Lacey, X. Vernéde, V.M. Fernandez, E.C. Hatchikian, J.C. Fontecilla-Camps, Crystallographic and FTIR Spectroscopic Evidence of Changes
in Fe Coordination Upon Reduction of the Active Site of the Fe-Only Hydrogenase from Desulfovibrio desulfuricans, Journal of the American Chemical Society, 123
(2001) 1596-1601.

[46] L. Chen, M. Wang, F. Gloaguen, D. Zheng, P. Zhang, L. Sun, Tetranuclear Iron Complexes Bearing Benzenetetrathiolate Bridges as Four-Electron Transformation
Templates and Their Electrocatalytic Properties for Proton Reduction, Inorganic Chemistry, 52 (2013) 1798-1806.

[47] S. Ott, M. Kritikos, B. Akermark, L. Sun, R. Lomoth, A Biomimetic Pathway for Hydrogen Evolution from a Model of the Iron Hydrogenase Active Site,
Angewandte Chemie, 116 (2004) 1024-1027.

[48] F. Wang, W.-G. Wang, X.-J. Wang, H.-Y. Wang, C.-H. Tung, L.-Z. Wu, A Highly Efficient Photocatalytic System for Hydrogen Production by a Robust
Hydrogenase Mimic in an Aqueous Solution, Angewandte Chemie International Edition, 50 (2011) 3193-3197.

[49] L.-C. Song, M.-Y. Tang, F.-H. Su, Q.-M. Hu, A Biomimetic Model for the Active Site of Iron-Only Hydrogenases Covalently Bonded to a Porphyrin
Photosensitizer, Angewandte Chemie International Edition, 45 (2006) 1130-1133.

[50] C.A. Mebi, J.J. Trujillo, A.A. Bhuiyan, Diironcarbonyl-coumarin complex: preparation, intramolecular electron transfer, and electro-generation of hydrogen,
Central European Journal of Chemistry, 10 (2012) 1218-1222.

[51] H.-h. Cui, M.-q. Hu, H.-m. Wen, G.-l. Chai, C.-b. Ma, H. Chen, C.-n. Chen, Efficient [FeFe] hydrogenase mimic dyads covalently linking to iridium
photosensitizer for photocatalytic hydrogen evolution, Dalton Transactions, 41 (2012) 13899-13907.

[52] S. Shima, M. Schick, J. Kahnt, K. Ataka, K. Steinbach, U. Linne, Evidence for acyl-iron ligation in the active site of [Fe]-hydrogenase provided by mass
spectrometry and infrared spectroscopy, Dalton Transactions, 41 (2012) 767-771.

WWW.ijsrp.or


http://ijsrp.org/

International Journal of Scientific and Research Publications, VVolume 7, Issue 12, December 2017 268
ISSN 2250-3153

[53] J.S. Multani, L.E. Mortenson, Circular dichroism spectra of hydrogenase from Clostridium pasteurianum WS5, Biochimica et Biophysica Acta (BBA) -
Bioenergetics, 256 (1972) 66-70.

[54] K. Schneider, H.G. Schlegel, Purification and properties of soluble hydrogenase from Alcaligenes eutrophus H 16, Biochimica et Biophysica Acta (BBA) -
Enzymology, 452 (1976) 66-80.

[55] D. Chen, A. Ahrens-Botzong, V. Schinemann, R. Scopelliti, X. Hu, Synthesis and Characterization of a Series of Model Complexes of the Active Site of [Fe]-
Hydrogenase (Hmd), Inorganic Chemistry, 50 (2011) 5249-5257.

[56] L.-C. Song, Z.-J. Xie, M.-M. Wang, G.-Y. Zhao, H.-B. Song, Biomimetic Models for the Active Site of [Fe]Hydrogenase Featuring an
Acylmethyl(hydroxymethyl)pyridine Ligand, Inorganic Chemistry, 51 (2012) 7466-7468.

[57] L.-C. Song, K.-K. Xu, X.-F. Han, J.-W. Zhang, Synthetic and Structural Studies of 2-Acylmethyl-6-R-Difunctionalized Pyridine Ligand-Containing Iron
Complexes Related to [Fe]-Hydrogenase, Inorganic Chemistry, 55 (2016) 1258-1269.

[58] L.-Z. Tang, C.-N. Lin, S.-Z. Zhan, Effect of ligand modification on hydrogen production catalyzed by iron(I1l) complexes supported by amine-bis(phenolate)
ligands, Polyhedron, 110 (2016) 247-253.

[59] A.R. Finkelmann, M.T. Stiebritz, M. Reiher, Kinetic Modeling of Hydrogen Conversion at [Fe] Hydrogenase Active-Site Models, The Journal of Physical
Chemistry B, 117 (2013) 4806-4817.

[60] D. Chen, R. Scopelliti, X. Hu, A Five-Coordinate Iron Center in the Active Site of [Fe]-Hydrogenase: Hints from a Model Study, Angewandte Chemie
International Edition, 50 (2011) 5671-5673.

[61] G. Durgaprasad, Z.-L. Xie, M.J. Rose, Iron Hydride Detection and Intramolecular Hydride Transfer in a Synthetic Model of Mono-Iron Hydrogenase with a CNS
Chelate, Inorganic Chemistry, 55 (2016) 386-389.

[62] J.F. Harrod, S. Ciccone, J. Halpern, CATALYTIC ACTIVATION OF MOLECULAR HYDROGEN BY RUTHENIUM (Ill) CHLORIDE COMPLEXES,
Canadian Journal of Chemistry, 39 (1961) 1372-1376.

[63] G. Espino, A. Caballero, B.R. Manzano, L. Santos, M. Pérez-Manrique, M. Moreno, F.A. Jalon, Experimental and Computational Evidence for the Participation of
Nonclassical Dihydrogen Species in Proton Transfer Processes on Ru—Arene Complexes with Uncoordinated N Centers. Efficient Catalytic Deuterium Labeling of H2
with CD30D, Organometallics, 31 (2012) 3087-3100.

[64] J.P. Collman, P.S. Wagenknecht, R.T. Hembre, N.S. Lewis, Dihydrogen complexes of metalloporphyrins: characterization and hydrogen-transfer reactivity,
Journal of the American Chemical Society, 112 (1990) 1294-1295.

[65] N.K. Szymczak, D.A. Braden, J.L. Crossland, Y. Turov, L.N. Zakharov, D.R. Tyler, Aqueous Coordination Chemistry of H2: Why is Coordinated H2 Inert to
Substitution by Water in trans-Ru(P2)2(H2)H+-type Complexes (P2 = a Chelating Phosphine)?, Inorganic Chemistry, 48 (2009) 2976-2984.

[66] D. Sellmann, G.H. Rackelmann, F.W. Heinemann, Heterolytic Activation of Dihydrogen at Transition-Metal Sulfur Sites in Coordinatively Unsaturated
[Rh(L)(“*'S,")]BF, Complexes, Involving Neutral Hydrides, Thiol Hydrides, and Thiol-Hydride Proton Scrambling (L = CO, PCys; “S,”? = 1,2-Bis[(2-mercapto-3,5-
di-tert-butylphenylthio]ethane?), Chemistry — A European Journal, 3 (1997) 2071-2080.

[67] G. Barea, M.A. Esteruelas, A. Lledds, A.M. Lopez, E. Ofate, J.l. Tolosa, Synthesis and Characterization of OsX{NHC(Ph)C6H4}H2(PiPr3)2 (X = H, Cl, Br, I):
Nature of the H2 Unit and Its Behavior in Solution, Organometallics, 17 (1998) 4065-4076.

[68] W. Bai, S.K.S. Tse, K.H. Lee, H.H.-Y. Sung, I.D. Williams, Z. Lin, G. Jia, Synthesis and characterization of MH---HOR dihydrogen bonded ruthenium and
osmium complexes (n°-CsHsCH,OH)MH(PPhs),

(M = Ru, Os) Science China Chemistry, 57 (2014) 1079.

[69] L. Andrews, L. Manceron, M.E. Alikhani, X. Wang, Observed and Calculated Infrared Spectrum of Pd(H2) in Solid Argon: A Ligand-Free Side-Bonded
Molecular Hydrogen Complex, Journal of the American Chemical Society, 122 (2000) 11011-11012.

[70] P. Connolly, J.H. Espenson, Cobalt-catalyzed evolution of molecular hydrogen, Inorganic Chemistry, 25 (1986) 2684-2688.

[71] W.M. Singh, T. Baine, S. Kudo, S. Tian, X.A.N. Ma, H. Zhou, N.J. DeYonker, T.C. Pham, J.C. Bollinger, D.L. Baker, B. Yan, C.E. Webster, X. Zhao,
Electrocatalytic and Photocatalytic Hydrogen Production in Aqueous Solution by a Molecular Cobalt Complex, Angewandte Chemie International Edition, 51 (2012)
5941-5944.

[72] C.V. Krishnan, N. Sutin, Homogeneous catalysis of the photoreduction of water by visible light. 2. Mediation by a tris(2,2"-bipyridine)ruthenium(l1)-cobalt(l1)
bipyridine system, Journal of the American Chemical Society, 103 (1981) 2141-2142.

[73] M.G. Simic, M.Z. Hoffman, R.P. Cheney, Q.G. Mulazzani, One-electron reduction of tris(2,2'-bipyridine) and tris(1,10-phenanthroline) complexes of cobalt(I11) in
aqueous solution, The Journal of Physical Chemistry, 83 (1979) 439-443.

[74] J.P. Bigi, T.E. Hanna, W.H. Harman, A. Chang, C.J. Chang, Electrocatalytic reduction of protons to hydrogen by a water-compatible cobalt polypyridyl platform,
Chemical Communications, 46 (2010) 958-960.

[75] B.D. Stubbert, J.C. Peters, H.B. Gray, Rapid Water Reduction to H2 Catalyzed by a Cobalt Bis(iminopyridine) Complex, Journal of the American Chemical
Society, 133 (2011) 18070-18073.

[76] C.H. Lee, D.K. Dogutan, D.G. Nocera, Hydrogen Generation by Hangman Metalloporphyrins, Journal of the American Chemical Society, 133 (2011) 8775-8777.
[77] S.C. Marinescu, J.R. Winkler, H.B. Gray, Molecular mechanisms of cobalt-catalyzed hydrogen evolution, Proceedings of the National Academy of Sciences, 109
(2012) 15127-15131.

[78] J. Mautz, K. Heinze, H. Wadepohl, G. Huttner, Reductive Activation of tripod Metal Compounds: Identification of Intermediates and Preparative Application,
European Journal of Inorganic Chemistry, 2008 (2008) 1413-1422.

[79] M. Weller, T. Overton, J. Rourke, F. Armstrong, Inorganic Chemistry, Oxford University Press, 2014.

[80] S. Balboa Benavente, Quimica de coordinacion de iones metalicos en estado de oxidacion Il derivados de alfa-hidroxicarboxilatos, Univ Santiago de Compostela,
2007.

[81] W.R. McNamara, Z. Han, P.J. Alperin, W.W. Brennessel, P.L. Holland, R. Eisenberg, A Cobalt-Dithiolene Complex for the Photocatalytic and Electrocatalytic
Reduction of Protons, Journal of the American Chemical Society, 133 (2011) 15368-15371.

[82] P. Wu, X. Guo, L. Cheng, C. He, J. Wang, C. Duan, Photoactive Metal-Organic Framework and Its Film for Light-Driven Hydrogen Production and Carbon
Dioxide Reduction, Inorganic Chemistry, 55 (2016) 8153-8159.

Authors
First Author — Maria de la Luz Pérez-Arredondo, Student of Master Program, Division de Ciencias de la Vida. Universidad de Guanajuato.
Campus Irapuato-Salamanca. Irapuato, Gto. México, mdll.perezarredondo@ugto.mx
Second Author — Ricardo Gonzalez-Barbosa, Departamento de Ciencias Ambientales. Division de Ciencias de la Vida. Universidad de
Guanajuato. Campus Irapuato-Salamanca. Irapuato, Gto. México
Third Author — Juan Antonio Ramirez-Vazquez, Departamento de Ciencias Ambientales. Division de Ciencias de la Vida. Universidad de
Guanajuato. Campus Irapuato-Salamanca. Irapuato, Gto. México, juan.ramirez@ugto.mx
Fourth Author — Jdse J. N. Segoviano-Garfias, Departamento de Ciencias Ambientales. Division de Ciencias de la Vida. Universidad de
Guanajuato. Campus Irapuato-Salamanca. Irapuato, Gto. México, juan.ramirez@ugto.mx
Correspondence Author — José J. N. Segoviano-Garfias, segovi@ugto.mx, jose.segoviano@gmail.com, +524737405320.

WWW.ijsrp.or


http://ijsrp.org/

	Artificial models of iron hydrogenases for their potential use in the generation of molecular hydrogen: a mini-review
	María de la Luz Pérez-Arredondo*, Ricardo González-Barbosa**, Juan Antonio Ramírez-Vázquez**,
	Jóse J. N. Segoviano-Garfias **

	I. Introduction
	II. HYDROGENASES IN THE HYDROGEN GENERATION
	A. Hydrogen production
	B. Hydrogenases

	III. HYDROGENASE ARTIFICIAL MODELS
	A. [NiFe]hydrogenase artificial models
	B. [FeFe]hydrogenase artificial models
	C. [Fe]hydrogenase artificial models
	D. Artificial models with other metal centers


