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Abstract 

 

Transition metal-driven small molecule activation is essential for the production of fuels and 

chemicals or energy supply. The use of multimetallic catalysts, where two or more metal centers 

act in synergy to activate and transform the substrate(s), is widespread both in nature 

(metalloenzymes) and (bio)inorganic chemistry. Benefits of this strategy in terms of catalytic 

performances result from cooperation between different metals (i) to bind and activate a single 

substrate, (ii) to activate different substrates reacting together (typically one per metal), or (iii) 

with one “assisting” metal tuning the reactivity of the “active” metal center.  

In this review, we discuss multimetallic active sites of enzymes and multimetallic synthetic bio-

inspired complexes, for which the cooperation between metal centers is critical for the 

activation of small molecules. The following processes are considered: (i) H2 

production(/oxidation) ([FeFe]- and [NiFe]-hydrogenases); (ii) O2 reduction (cytochrome c 

oxidase); (iii) CO2 reduction and formation of C-C bonds (NiFe- and MoCu-dependent CO 

dehydrogenases and acetyl-CoA synthase); (iv) N2 reduction (Mo-dependent nitrogenase); and 

(v) N2O reduction (N2O reductase). This overview is expected to contribute to understand the 

role of metal-metal synergy in enzymes and model complexes and its impact on reactivity. This 
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background, in combination with ligand design, can be exploited for the development of the 

next generation of bio-inspired multinuclear catalysts with optimized performances. 
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1. Introduction 

 

Activation and catalytic conversion of small earth-abundant molecules by multielectron redox 

reactions are crucial for the production of fuels (e.g. H2 from water) or useful chemicals (e.g. 

NH3 or H2O2 by reduction of N2 or O2, formation of C-C bonds), for energy conversion (e.g. 

4H+/4e- O2 reduction), or for the removal of toxic gases from the atmosphere (e.g. reduction of 

CO2 or N2O) [1-6]. The most commonly adopted strategy is based on the use of transition metal-

containing catalysts to overcome the kinetic issues of such reactions and to properly control 

their selectivity, when relevant [1-6]. This approach has been first adopted by nature with 

metalloenzymes then followed by bioinorganic chemists who attempt to model their active sites 

for the development of synthetic catalysts. Among such biological and bio-inspired systems, 

many contain multiple metal centers, which act in synergy to activate and transform the 

substrate(s). Two or more metal ions are kept in close proximity through bridging ligands 

(mostly thiolates or sulfides in nature), and/or constrained by the protein backbone or ligand 

scaffold (when using multitopic ligands). A direct metal-metal interaction can be also present 
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when low oxidation states are involved [7]. The multimetallic strategy can bring a significant 

benefit in terms of reactivity with respect to the use of single metal centers [8, 9], because: (i) 

two or more metals can interact with a substrate, sequentially or in a concerted way, to promote 

its activation; (ii) each metal can activate a different substrate before they react together; (iii) a 

larger number of electrons (or electron-holes) can be more easily stored, which is highly 

desirable for multielectron processes; (iv) one “assisting” metal can modulate the geometric, 

electronic and redox properties of the “active” metal to promote substrate binding, redox 

activation and/or to control proton/electron delivery. 

This review focuses on biological and synthetic homo- and heterometallic complexes for small 

molecule activation, with particular emphasis put on the role of metal-metal cooperation for 

reactivity. Several enzymatic processes are described beginning with an overview of the 

structural properties of the active site of the targeted enzyme followed by a discussion on the 

reaction mechanism. Then, selected examples of structural and/or functional bio-inspired 

complexes are described. This review mostly focuses on reduction reactions, even if not 

exclusively; more specifically, the following processes are discussed: (i) H2 

production(/oxidation) ([FeFe]- and [NiFe]-hydrogenases); (ii) O2 reduction (cytochrome c 

oxidase); (iii) CO2 reduction and formation of C-C bonds (NiFe- and MoCu-dependent CO 

dehydrogenases and acetyl-CoA synthase); (iv) N2 reduction (Mo-dependent nitrogenase); and 

(v) N2O reduction (N2O reductase). Since only selected examples of small molecules and of 

relevant synthetic models are considered, the present review is not exhaustive. The reader is 

invited to refer to the review articles cited in each specific section to access comprehensive 

lists. Whereas a few reviews have been published in recent years on multimetallic catalysts 

(mostly containing metal-metal bond(s)) for both organic and organometallic reactions [7-9], 

to our knowledge none have been dedicated to multimetallic synergy in enzymes and their 

synthetic models for application in the domain of energy conversion. 

 

2. Hydrogen evolution (and oxidation): the example of [FeFe]- and [NiFe]- 

hydrogenases 

 

The development of alternative energy production schemes represents a major challenge faced 

by our societies with the ever-increasing energy demand and climate change. Molecular 

hydrogen (H2) is considered as a clean and promising medium to store energy that can be later 

released by oxidising it either via direct combustion or in fuel cells, without producing 

greenhouse gases [2, 10]. A ~95% of the available H2 is currently produced from fossil fuels, 
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while water electrolysis is still not adapted for large scale H2 production due to the need of 

expensive platinum catalysts. In nature, [FeFe]- and [NiFe]-hydrogenases (H2ases) interconvert 

protons and electrons with dihydrogen (Eq. 1) in a highly efficient and clean way, through their 

thiolate-bridged {MFeS2} catalytic centers (M = Fe or Ni) [11, 12].  

 

2H+ + 2e-  H2  (1) 

 

In both enzymes, two metal centers play in synergy to promote multiple proton and electron 

transfer events. Commonly, [FeFe]-H2ases are more active for H2 production (Hydrogen 

Evolution Reaction or HER) and [NiFe]-H2ases for H2 oxidation (Hydrogen Oxidation Reaction 

or HOR). Unfortunately, H2ases are in general highly sensitive to dioxygen (with a few 

exceptions among the [NiFe]-H2ases), limiting their incorporation into technological devices 

for widespread applications. Hence, intense research is devoted to the development of small 

molecule analogues of [NiFe]- and [FeFe]-H2ase active sites as HER (or HOR) catalysts that 

will ideally replace platinum in water electrolysis cells (or hydrogen fuel cells) [13-19]. 

[FeFe]-H2ases are composed of a single or multiple subunits with an essential core, named H-

cluster, whose structure is well conserved within this family of enzymes [20]. The H-cluster is 

in close proximity of a network of iron-sulfur clusters, part of an electron transport (ET) chain. 

The H-cluster consists of a diiron [2Fe] and a [Fe4S4] subclusters connected via a thiolate from 

a cysteine residue [21, 22] (Fig. 1). The [2Fe] subcluster corresponds to the {FeFeS2} catalytic 

unit, composed of two iron atoms bridged by an aza-propane-1,3-dithiolate (adt) ligand [12, 23] 

and a (semi-)bridged carbon monoxide [24, 25]. Each iron center of [2Fe] is further bound to 

one cyanide and one carbon monoxide co-ligands, all in a terminal coordination mode [26, 27]. 

While the iron atom “proximal” to the [Fe4S4] cluster (Fep) is coordinatively saturated, the 

“distal” iron (Fed) has an open coordination site, where the substrates (H2 or H+) bind. The 

secondary amine of the azadithiolate ligand plays a key role in shuttling H+ to or from the active 

site and in promoting low energy transition states by virtue of its acid−base properties [20, 28, 

29]. 
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Fig. 1. Structure of the [FeFe]-H2ase active site (PDB 3C8Y) and currently accepted catalytic 

cycle. 

 

Even if several redox and protonation states of the H-cluster have been generated and 

characterized under different experimental conditions and from various bacteria, the reaction 

mechanism for H2 production is still under discussion: are they all involved in the catalytic 

cycle? Is the mechanism common for all bacterial [FeFe]-H2ases [20, 30]? Fig. 1 proposes a 

cycle mostly including species that have been isolated and proven to be active (Hox, Hred, HredH
+, 

HsredH
+, Hhyd:red, Hhyd, in addition to *HhydH

+ and *Hox(H2) that are only postulated). The first 

step corresponds to the reduction of the resting state (Hox, [Fe4S4]
2+-Fep

IFed
II) to generate the 

[Fe4S4]
+-Fep

IFed
II state (Hred) that binds the first proton at the bridgehead adt-N to form HredH

+ 

[31-33]. Successive reduction and protonation result in a [Fe4S4]
+-Fep

IIFed
II–H{H+} species 

(Hhyd), containing a hydride ligand terminally-bound to Fed [27, 34, 35]. The terminal hydride 

and the additional proton (whose localization is still not definitively clarified) then combine to 

produce H2. This last step is certainly facilitated by proton transfer via the adt ligand prior of 

the generation of a Fe-H2 adduct (*Hox(H2). Each step is reversible, since H2 oxidation is 

proposed to occur through the same catalytic steps, but in the opposite direction. While both Fe 

are implicated in the redox chemistry cycling between the +I and +II oxidation states, the Fed 

center is more directly implicated in substrate activation through the generation of the hydride 
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intermediate, Hhyd. The [4Fe4S] cluster acts as an electron reservoir during catalysis, cycling 

between the +1 and +2 states.  

The synergy between Fed and Fep is crucial for the hydrogen evolution and oxidation reactions. 

This synergy is structurally and electronically mediated through the adt and CO bridging 

ligands [24], as well as a direct metal-metal interaction (Fe-Fe bond distance of 2.53 Å in the 

resting state) [36]. Fep is not only directly involved in redox activity but also serves (i) to 

position the amine function of the adt ligand close to Fed, in order to facilitate the relay of 

protons to or from it [12]; (ii) to stabilize, via the semi-bridging CO, Fed in an ‘inverted’ square 

pyramidal conformation that promotes substrate binding next to the amine proton relay; (iii) to 

foster electron delocalization/transfer between the [Fe4S4] cluster and Fed for optimal efficiency 

during catalysis. 

The [NiFe]-H2ases are generally composed of two subunits, one lodging the heterobimetallic 

{NiFeS2} active site and one hosting three aligned iron-sulfur clusters responsible for the 

electron transport between a redox protein partner and the catalytic center [37]. The NiFe 

complex is composed of a {Ni(cysteinate)4} unit linked via two of its cysteine ligands to an 

{FeII(CN)2(CO)} moiety [38] (Fig. 2a). 
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Fig. 2. (a) Structure of the [NiFe]-H2ase active site (PDB 6EHQ) and (b) proposed catalytic 

cycle. 

 

Until 2015, there has been a general agreement that only three intermediate species (of the four 

shown in Fig. 2b) are involved in the catalytic cycle. When H2 production is concerned, the first 

intermediate is a paramagnetic Ni–C state [39, 40] (NiIIIμ(H)FeII), generated by reaction 

between the resting diamagnetic Ni–SIa state (NiIIFeII), one electron and one proton. Ni–C is 

then further reduced to yield the diamagnetic Ni–R species [41, 42] (NiIIμ(H)FeII). Finally, 

protonation of Ni–R allows to release H2 and to restore the initial Ni–SIa. More recently, it has 

been established that the Ni–L state (NiIFeII), previously observed during low-temperature 

photolysis of Ni-C [43], is also involved in the catalytic cycle as intermediate between Ni–SIa 

and Ni–C (Fig. 2b) [44, 45]. In both Ni–C and Ni–R, the hydride ligand bridges the two metal 

centers in an asymmetrical fashion with the shorter bond toward the nickel atom. 

The Ni center is the key catalytic player not only because it supports the hydride, but also 

because the redox chemistry of [NiFe]-H2ase is nickel-centered, with the Ni oxidation states 
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ranging from +I to +III during catalysis [46]. Although the Fe center remains at the +II oxidation 

state throughout the catalytic cycle, it synergistically contributes in the stabilization and 

activation of the hydride in the two intermediates Ni-C and Ni-R. In addition, the electronic 

impact of the strong-field ligands CO (σ-donating, π-back-bonding) and CN- (σ-donating) at 

iron partly compensates the electronic changes occurring at nickel during catalysis. This is made 

possible by the electronic communication between the two metal ions mediated by the two 

thiolate bridges, but also by a direct Ni-Fe bond in Ni-L [47] and by the bridging hydride in Ni-

C and Ni-R. 

Inspired by the intriguing structure of H2ase active sites, bioinorganic chemists have developed 

a number of synthetic [FeFe] and [NiFe] model systems showing H2 evolution and/or oxidation 

activities [13-17, 48-50]. Concerning [FeFe]-H2ase mimics, the majority of the synthetic model 

complexes have been designed to reproduce the {Fe2S2} core, especially the iron-iron 

electronic interaction and the bridging dithiolate ligand. Efforts have been also focused on the 

incorporation in the second coordination sphere of a proton relay, by employing an azadithiolate 

bridging ligand [51], and/or an electron transfer mediator, such as an [Fe4S4] cluster [52] or a 

ferrocenyl group [53]. Regarding NiFe mimics, efforts were mainly dedicated on designing a 

{NiFeS2} core, where the Ni atom is located in a thiolate-rich environment. The Fe site has 

been designed with the main objective of localizing the redox activity at the Ni site with the use 

of CO, CN-, Cp-, or carbene co-ligands [54-56]. In this review, we will discuss selected 

structural and functional mimics of both enzymes for which the synergistic effects between the 

two metal centers have been highlighted.  

Among the large number of [FeFe]-H2ase mimics, Rauchfuss and co-authors reported a rather 

spectacular study on the symmetric complex [(dppv)(OC)FeI(adt)FeI(dppv)(CO)] ([FeFe1], 

Fig. 3a) that combines an electron-rich bimetallic core and a pendant base. The authors 

succeeded in crystallizing the corresponding doubly protonated compound 

[(dppv)(OC)FeII(adtH)FeII(t-H)(dppv)(CO)]2+ ([FeFe1(t-H)H]2+), providing unique insights 

into the proposed enzymatic intermediate HhydH
+ [57] (Fig. 1). The structure replicates the 

naturally relevant bridging CO and displays a strikingly short NH···HFe distance of 1.88(7) Å, 

indicating significant proton-hydride bonding. The [FeFe1(t-H)H]2+ complex catalyzes HER at 

moderate overpotential (0.51 V) and impressive rates (TOF of 58 000 s-1). During catalysis, it 

is proposed that [FeFe1(t-H)H]2+ is first reduced at the Fe center with no hydride ligand (named 

Fep
model in Fig. 3) to generate a mixed valence H2 intermediate. This step illustrates the role of 

Fep
model that, like Fep in the enzyme, participates to redox activity without directly interacting 

with the substrate. 
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Fig. 3. (a) Proposed catalytic cycle for electrochemical H2 production by [FeFe1] with strong 

acids, and (b) H2 oxidation reactivity by [FeFe2]. 

 

The first model bearing the three essential components for catalytic activity, i.e. an active diiron 

center, a proton relay and a redox module, is the complex 

[(FcIIP*)(CO)2FeI(adtBn)FeI(CO)(dppv)] ([FeFe2], FcP* = Cp*Fe(C5Me4CH2PEt2, Bn = 

CH2Ph, dppv = cis-C2H2(PPh2)2, Fig. 3b) reported by Camara and Rauchfuss [53]. The authors 

showed that the suitably modified ferrocene FcP* mimics the function of the [Fe4S4] cluster. 

The [FeFe2] complex (FcIIFeIFeI) can be two-electron oxidized by addition of Fc+ (2 equiv.) to 

generate [FeFe2]2+ (FcIIIFeIIFeI). [FeFe2]2+ can then activate H2 to produce the hydride adduct 

[FeFe2(t-H)H]2+ (FcIIFeIIFeII) via intramolecular electron transfer from the distal iron (Fed
model) 
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to the oxidized FcP* unit. The [FeFe2(t-H)H]2+ species can be further deprotonated with tri(o-

tolyl)phosphine (P(o-tol)3) to yield the bridging hydride [FeFe2(μ-H)]+ (that can also be 

produced by direct protonation of [FeFe2]). Most importantly, in the presence of an excess of 

Fc+ used as oxidizing agent and of P(o-tolyl)3, [FeFe2]2+ catalytically oxidizes H2 resulting in 

the complete conversion of Fc+ to Fc and P(o-tolyl)3 to [HP(o-tolyl)3]
+ (TOF = 0.4 h-1). A +200 

mV redox potential shift of the [FcP*]+/0 couple upon coordination to the diiron subunit reflects 

the electronic communication between these two moieties as in the natural H-cluster with the 

proximal iron mediating the electron transfer between the electron reservoir (the ferrocenyl 

ligand) and the distal iron.  

The design and synthesis of heterobimetallic [NiFe]-H2ase models with redox reactivity located 

at the Ni center has been a challenging task for bioinorganic chemists. The model 

[NiI(xbsms)(μ-CO)(μ-S)FeI(CO)2(‘S’)], [NiFe1] (H2xbsms = 1,2-bis(4-mercapto-3,3-dimethyl-

2-thiabutyl)benzene) reported by Lubitz and co-authors was the first in 2012 displaying 

reversible protonation of a terminally Ni-bound thiolate [58] (Fig. 4a). In addition, DFT 

calculations suggested the interconversion between the afforded NiIFeI thiol complex, 

[NiFe1SH]+, with a NiIIFeII μ-hydride tautomer, [NiFe1(μ-H)]+, the latter having slightly higher 

free energy [13] (∼5 kcal mol−1). Both initial ([NiFe1]) and protonated ([NiFe1SH]+) 

compounds proved to be active for electrocatalytic H2 evolution from trifluoroacetic acid (TFA) 

in acetonitrile with a 540–570 mV overpotential and a TOF of 8 h─1. The poor basicity of 

[NiFe1], which is not completely protonated by TFA, is proposed to be responsible for its 

moderate performance. On the mechanistic side, the authors proposed that [NiFe1SH]+ is a key 

intermediate to release H2. Even if sulfur protonation takes place at the Ni site, it significantly 

impacts the electronic structure of the iron center, as evidenced by combined spectroscopic and 

DFT studies. In both [NiFe1] and [NiFe1SH]+, the synergetic electronic interaction between 

nickel and iron is promoted by Ni-Fe σ-bonding (bond lengths: 2.426 Å and 2.433 Å, 

respectively) and further mediated by one CO ligand. Indeed, one CO bridges the two metals 

in [NiFe1] and becomes semi-bridging and displaced towards iron in [NiFe1SH]+, which partly 

compensates the electronic changes at nickel due to sulfur protonation. The potential formation 

of the bridging hydride tautomer ([NiFe1(μ-H)]+) also highlights the essential role of iron in the 

generation of hydride species. 
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Fig. 4. Reactivity of the discussed [NiFe]-H2ase model complexes: (a) interconversion between 

thiol and hydride tautomers formed from [NiFe1]; (b) H2 activation by [NiFe2(MeCN)]2+ 

affords the hydride complex [NiFe2(μ-H)]+ that regenerates [NiFe2(MeCN)]2+ after 

protonation (single turnover); (c) H2 activation with in situ generated coordinatively unsaturated 

NiIIFeII species affords hydride models for Ni-R; (d) proposed catalytic pathway for H2 

evolution mediated by [NiFe5 ]+ (a simplified representation of the complex is shown in the 

cycle). 
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The Ogo group reported the first nickel–iron model [NiII(L)FeII(MeCN){P(OEt)3}3]
2+ 

([NiFe2(MeCN)]2+, L = N, N’-diethyl-3,7-diazanonane-1,9-dithiolato) Fig. 4b) that showed 

both H2 evolution and oxidation activities, thus mimicking the bidirectional behavior of the 

native enzyme [59] (Fig. 4b). In acetonitrile/methanol solution, complex [NiFe2(MeCN)]2+ was 

found to heterolytically cleave H2 in the presence of methanolate (that captures a proton), 

resulting in a bridging hydride complex, [NiFe2(μ-H)]+, with the -H displaced towards the 

iron center. Complementarily, when [NiFe2(μ-H)]+ reacts with a strong acid (HBF4), H2 and 

the starting compound [NiFe2(MeCN)]2+ are regenerated to complete a single turnover. Unlike 

the active site of [NiFe]-H2ase, reactivity takes place at the Fe center and the Ni assists the 

process by (i) modulating the electronic properties of the {FeS2{P(OEt)3}3} core via the 

bis(thiolate) bridge, and (ii) stabilizing the Fe-bound hydride through the formation of an 

asymmetrical bridge. 

In the meantime, Rauchfuss and co-authors also prepared synthetic hydride compounds by H2 

activation with even higher fidelity to the Ni-R state, in both structure and function. The two 

models [(dxpe)NiII(pdt)FeII(CO)2(CNBArF
3)2] [60] (pdt = propanedithiolate; dxpe = dppe = 1,2-

bis(diphenylphosphino)ethane: [NiFe3(CO)]; dxpe = dcpe = 1,2-bis(dicyclohexylphosphino)-

ethane: [NiFe4(CO)], Fig. 4c) carry two borane-protected biomimetic cyanide ligands that 

electrophilically activate the iron center. Upon decarbonylation with Me3NO, the [NiFe3(CO)] 

adduct, despite its lack of a positive charge, can extract H- from H2 to generate [NiFe3(μ-H)]-. 

[NiFe3(μ-H)]- and its dcpe analogue [NiFe4(μ-H)]- are the first [NiFe]-H2ase models 

containing both CN- and H- ligands. Except one supplementary CO in the basal plane, the Fe 

coordination sphere in [NiFe3(μ-H)]- well reproduces that in Ni-R, including a dihydrogen 

bonding interaction (with triethylammonium, Fig. 4c). Nevertheless, the H- ligand remains 

closer to Fe (1.516 Å) than to Ni (1.710 Å), although the asymmetry is less pronounced than in 

[NiFe2(μ-H)]+. The [NiFe3(μ-H)]- adduct, in the presence of a base (DBU) in dichloromethane 

solution, catalyzes electrochemical H2 oxidation, whereas strong acids like HCl induce H2 

release. The reactivity of [NiFe3(μ-H)]-, as of [NiFe2(μ-H)]+, is mainly centered on the Fe site. 

The one-electron oxidation of the [NiFe3/4(μ-H)]- hydrides also occurs at the iron center to 

form a NiII(μ-H)FeIII species, in contrast to the Ni−C oxidation into Ni−R that is localized at 

the nickel site. These findings point to the limitations of diphosphines as mimics for the terminal 

ligands of the nickel ion: the presence of stronger donors is required to ensure that NiII is more 

easily oxidized than FeII. In these models, the Ni site seems to be required to modulate the 

electronic properties of the Fe coordination sphere. Actually, although decarbonylation leaves 

the iron center coordinatively unsaturated, the hydride ligand remains coordinated to both 
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nickel and iron with almost symmetrical bridging fashion (rFe−H = 1.51 Å and rNi−H = 1.71 Å) 

instead of binding terminally to the more electrophilic iron center.  

With the aim of relocating redox chemistry at the Ni center, some of the authors of this review 

reported a heterobinuclear NiFe mimic, [LN2S2NiIIFeIICp(CO)]+ ([NiFe5]+, LN2S2: Fig. 4d, Cp = 

cyclopentadienyl), formed by linking a neutral NiII-N2S2 complex supported by a bipyridine–

bisthiolate ligand, with a {FeCpCO} precursor used as a surrogate for the {FeCO(CN)2} moiety 

of [NiFe]-H2ase [61]. In the mononuclear NiII-N2S2 complex, coordination of nickel to the 

bipyridine unit allows a stabilization of the NiI and the NiIII states (by delocalization of the 

electronic density between Ni and the bipyridine unit), thus increasing the potential for Ni-

centered redox chemistry in the target heteronuclear NiFe complex. The {NiFeS2} core of 

[NiFe5]+ is almost identical to that of the resting state of the [NiFe]-H2ase, and [NiFe5]+ is an 

active electrocatalyst for H2 production in acetonitrile solution in the presence of a weak acid 

(Et3NHBF4, kcat = 2.5(3).104 M-1.s-1 and TOF = 250 s–1 at η = 690 mV, 16 TONs after bulk 

electrolysis). The authors isolated and experimentally characterized a NiIFeII and a NiIIFeII 

hydride species, mimicking two intermediates of the enzymatic cycle. A theoretical mechanistic 

investigation carried out by Hall and co-author revealed that (i) the first hydride intermediate to 

be formed shows the H- ligand bridged between Fe and Ni, but slightly displaced towards iron, 

and (ii) thiolate hemilability/protonation are involved in the catalytic cycle. A consensus was 

reached on an E[ECEC] catalytic mechanism (E = electron transfer, C = chemical reaction), 

involving three reductions and two protonation steps (Fig. 4d). Such a catalytic cycle, involving 

decoupled electron and proton transfers, is similar to that proposed for the enzyme (ECEC), 

except that one more reduction step is required for the synthetic catalyst. Most importantly, the 

redox chemistry is Ni-centered (also with participation of the bipyridine ligand), whereas the 

iron center has a double role: it modulates the redox properties of nickel (two successive 

reductions are observed for [NiFe5]+, while only one is accessible for the parent mononuclear 

Ni complex), and supports the formation of hydride intermediates. The relevance of ligand 

design in this system is confirmed by the fact that when replacing the Fe-bound cyclopentadienyl 

(Cp) with pentamethylcyclopentadienyl (Cp*), the mechanism varies from E[ECEC] to 

E[CEEC], with the first NiIFeII intermediate that is protonated before further reduction  [62]. 

Besides, catalytic/mechanistic studies carried out after replacing Ni by Fe in the 

metallodithiolate ligand [63] suggest that the non-innocent redox LN2S2 ligand has a strong 

impact on the reactivity of the dinuclear metal core. 

All of these reports clearly illustrate how, in the bimetallic active sites of the [FeFe]- and [NiFe]-

H2ases as well as in the corresponding model complexes, the two metal centers cooperate to 
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reversibly reduce protons to dihydrogen (or to oxidize H2). Concerning the [FeFe]-H2ases, 

biochemical and bio-inspired studies suggest that one iron acts as the binding site for substrates, 

when the other site assists the process synergistically in different ways: (i) modulating the 

electronic properties and reactivity of the active iron center, (ii) positioning the proton relay and 

the open coordination site in close proximity to promote H2 release/uptake, (iii) mediating 

electron transfer between an “external” redox module and the active iron center. However, the 

mechanism of [FeFe]-H2ases is still under debate and further efforts are required to optimize 

catalysis with bio-inspired complexes in terms of efficiency and stability. To reach this 

challenging objective, the design of a protective and functional second coordination sphere 

around the bimetallic core could be an interesting approach. In the case of the [NiFe]-H2ases, 

the redox chemistry is nickel-centered and iron mainly contributes to the stabilization of hydride 

ligation and in modulating the electronic properties of nickel via the bis-thiolate bridge. Shifting 

the chemistry towards the Ni site in synthetic mimics is still puzzling. In particular, further 

ligand design and use of stronger donors in the coordination sphere of nickel seem to be required 

to displace towards nickel not only the redox chemistry but also hydride formation. 

 

3. Dioxygen reduction: bio-inspiration from the heterobinuclear heme-copper site of 

CcO 

 

Dioxygen (O2) is critical for sustaining most forms of life on the Earth, in the industry and for 

emerging energy technologies. Despite its abundance, O2 must be activated in order to exploit 

its oxidizing power, due to the chemical inertness of its fundamental triplet state. Dioxygen 

activation, which is generally promoted by transition metals, is a prerequisite for its proton-

assisted reduction, i.e. for the Oxygen Reduction Reaction (ORR) [64]. The four-electron ORR 

process (Eq. 2a), generating water from O2, is central in aerobic respiration [65] and for the 

production of electrical energy in fuel cells [66-68]. The two-electron ORR process (Eq. 2b) 

allows the production of hydrogen peroxide (H2O2), an environmentally benign and versatile 

oxidizing agent. 

O2 + 4H+ + 4e- → 2H2O  (2a) 

O2 + 2H+ + 2e- → H2O2  (2b) 

Transition metal-based molecular ORR catalysts include multimetallic centers, in which 

synergistic effects between metal ions can promote O2 activation and reduction. Among them, 

the “heme-copper Binuclear Center” (BNC) is the active site of heme−copper oxidase enzymes, 

which include the popular mitochondrial cytochrome c oxidase (CcO) of the respiratory chain. 



  15 

These enzymes are responsible of the reduction to water of more than 90% of the dioxygen 

“respired” by living beings [69, 70]. In CcO, the free energy released by O2 reduction (Eq. 2a, 

with ferrocytochrome c as electron source) is coupled to power trans-membrane proton 

pumping across the inner mitochondrial membrane, from the mitochondrial matrix to the 

intermembrane space [65]. The generated proton electrochemical gradient across the membrane 

is successively exploited to drive the synthesis of adenosine triphosphate (ATP) by the ATP 

synthase. 

Mitochondrial CcOs are large multisubunit proteins containing the catalytic BNC site and two 

electron transport centers: a dimetallic CuA complex (Cu1.5Cu1.5/CuICuI) and a low-spin six-

coordinated heme a (FeIII/FeII) [65, 71]. The BNC of CcO in its fully reduced state (R state, Fig. 

5) contains two redox active transition metal ions: (i) a high-spin heme FeII (heme a3) and (ii) 

a CuI ion (CuB) located 5.1 Å apart from heme a3 on the distal side. A histidine residue is 

axially-tethered to heme a3 on the proximal side (i.e. pointing away from CuB) to complete the 

iron coordination sphere, whereas CuB is ligated in a T-shaped geometry by three histidine 

residues, one of which cross-linked to a functionally critical tyrosine. 

The currently accepted catalytic mechanism of CcO [65, 71, 72] (Fig. 5) is divided in an 

oxidative phase, during which the O-O bond of dioxygen is cleaved, and a reductive phase, 

during which the reduced state of the enzyme (R) is regenerated. 
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Fig. 5. Structure of the CcO BNC (PDB 5XDX) and currently accepted catalytic cycle for 

4H+/4e- O2 reduction. 

 

The first step involves O2 binding to FeII in axial position (trans to the Fe-bound histidine), and 

its activation to form a terminal “end on” FeIII-1-superoxide species (“heme-oxy” intermediate 

A). Therefore, dioxygen is directly activated by FeII. However, infrared data suggest that 

intermediate A is generated via a transient Cu-O2 state [73, 74], which induces protein 

conformational changes that increase the affinity of heme a3 for O2. This highlights how the 

presence of both metal sites in the CcO active site is essential. 

The following step consists in the homolytic cleavage of the superoxide O-O bond of A to 

generate the PR intermediate containing an FeIV=O heme (ferryl) and a CuII-OH unit. This step 
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may involve the transient formation of the PM species. The difference between PM and PR is the 

oxidation state of the functional tyrosine, which is in its radical form in PM and in its anionic 

state (tyrosinate) in PR. It is remarkable that upon binding to iron, dioxygen accepts four 

electrons at once to generate PM/R, three of them from the synergistically-operating redox active 

metal centers (one from CuB, CuI → CuII, and two from heme a3, FeII → FeIV), and the last one 

alternatively from heme a (in PR) or from tyrosine (in PM). This multi-electronic transfer is most 

likely the reason for the fast O-O cleavage, which precludes the detection of a (hydro)peroxo 

intermediate in the path from A to PM/R. However, the transient generation of a species in which 

a (hydro)peroxo is bridging between iron and copper (IP in Fig. 5) has been proposed based on 

DFT calculations [75, 76] and data obtained on synthetic models (see below). The bridging 

coordination mode of the (hydro)peroxo unit in IP is thought to promote the homolytic rupture 

of the O-O bond to form PM/R. Indeed, in the copper-free terminal FeIII−OOH intermediate 

found in the cytochrome P450, the O-O bond cleavage occurs heterolytically [72, 77]. The 

direct participation of copper to the O-O bond breaking event can be thus proposed. 

The reductive phase of the mechanism, i.e. the regeneration of the R state from PR, involves the 

addition of four protons and three electrons to the active site. This process is coupled to the 

uptake and pumping of protons from the inner to the outer side of the mitochondrial membrane 

in a not completely understood way. Three intermediates have been observed during this phase: 

(i) the F state, which corresponds to another oxyferryl (FeIV=O) species generated by 

protonation of the CuB-bound hydroxo ligand of PR, with concomitant release of water; (ii) the 

OH state, formed from F by addition of one proton and one electron, for which the exact 

attribution is uncertain (it may be a FeIII−OH…CuII tyrosinate as in Fig. 5, or a FeIII−OH…CuI 

tyrosine radical state, or these two species could coexist in equilibrium); and (iii) the EH state, 

a FeIII−OH CuI tyrosinate intermediate generated by one electron reduction of OH. The catalytic 

cycle is then completed by an additional proton-coupled electron-transfer on EH, leading to the 

regeneration of the R state and the release of a second water molecule. 

The CcO active site is attractive for model chemistry, including biosynthetic and synthetic 

models. These two approaches have contributed to support the essential role of heme-copper 

synergy for biological dioxygen reduction to water. Among biosynthetic CcO mimics, we focus 

on a series of myoglobin mutant proteins, here named MBMb, containing (i) a high-spin heme 

cofactor with an axial His ligand and a high O2-binding affinity as in CcO, as well as (ii) a tris-

histidine/glutamate binding pocket (non-heme MB site) on the distal side of the heme. The MB 

site is related to the CuB site of CcO and can be metallated with CuI (like in CcO), FeII or the 

redox-inactive ZnII. Studies on MBMb models provide insights on (i) why a non-heme metal 
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ion is required in CcO and, (ii) why copper is preferred over iron in this site [78]. The O2 

reduction rates (k) and selectivity for water production (S) for the CuI, FeII, and ZnII-MBMb 

derivatives have been determined: kCuI = 2.72(10) μM.s-1, SCuI = 94%; kFeII = 1.15(7) μM.s-1, SFeII 

= 96%; kZnII = 0.22(2) μM.s-1, SZnII = 57%. From these data the Cu-variant of MBMb is the most 

active one, in accordance with the “choice” of nature for copper in CcO. Besides, spectroscopic, 

electrochemical and theoretical studies on CuI, FeII, and ZnII-M Mb allowed to gain further 

insights on the role of the non-heme metal in CcO. 

(i) The higher ν(Fe–O2) frequency observed in the resonance Raman spectrum of the 

“heme-oxy” adduct from ZnII-MBMb vs naked MBMb (594(28) vs 575(25) cm-1, respectively) 

suggests that the presence of a non-heme metal ion increases the Fe–O2 bond strength, making 

the O–O bond weaker and thus enhancing O2 activation. 

(ii) The presence of a redox-active metal ion (CuI, FeII) in the tris-histidine/glutamate 

binding pocket has a stronger beneficial effect on ORR activity (k, see above) than a non-redox 

one (ZnII). This is due to the direct electron donation of the redox metal to O2, with CuI or FeII 

being oxidized to CuII or FeIII, respectively (as shown by multiple spectroscopic techniques). In 

addition, a weaker O-O bond is predicted when the non-heme site is occupied by copper instead 

of iron (O-O distance of 1.391 vs 1.351 Å, respectively, in the “heme-oxy” intermediate). 

(iii) The O2 reduction rates (k) for the CuI-MBMb and FeII-MBMb models are sensitive to the 

concentration of electron donor, attesting how electron transfer is rate-determining. Most 

importantly, it was shown that the rate enhancement with increasing electron donor 

concentration is higher for CuI-MBMb than for FeII-MBMb. This suggests that copper in the 

non-heme site of CcO enables a faster electron transfer from redox centers to the BNC than 

iron. This could be explained by the fact that in CcO copper ensures a higher driving force for 

such electron transfer, as found with the CuI- and FeII-MBMb models (E0 of the CuII/CuI pair is 

higher than E0 of the non-heme FeIII/FeII pair, +387(25) mV vs +259(20) mV vs SHE, 

respectively). However, it cannot be excluded that the reorganization-energy difference 

between copper and iron may also play a role. 

Synthetic models of the CcO catalytic center are limited to heterobinuclear heme-copper 

complexes that reproduce to some extent the structural motif and reactivity of the BNC. From 

a functional point of view, these models can be classified into two categories: (i) mimics 

reproducing stoichiometric dioxygen (or dioxygen-relevant) reactivity of the BNC and enabling 

the access to metal-dioxygen intermediates potentially relevant for BNC chemistry (such as 

metal-peroxo, -superoxo and -oxo/hydroxo species); and (ii) catalytic models, i.e. heme-copper 

complexes that promote catalytic 4H+/4e- ORR [72, 79].  
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Synthetic model chemistry of the BNC was exhaustively reviewed [72, 80]: here, we focus on 

selected examples that are pertinent for highlighting the importance of iron-copper synergy. 

Stoichiometric models are based on either (i) molecular assemblies with separated heme and 

copper units connected through an activated oxygen derivate (mostly peroxo), or (ii) the use of 

a ligand that covalently links the Fe-heme and copper units. A first heme−peroxo−copper 

complex belonging to the second class, [(DCHIm)(tacnAcr)FeIII(O2)CuII]+ (FeCu1 in Fig. 6, 

tacnAcr = 1,4,7-triazacyclononane-capped picket fence porphyrinate, DCHIm = 1,5-

dicyclohexylimidazole), was reported by Collman and co-authors [81]. 

 

Fig. 6. Heme-copper CcO BNC mimics discussed in the text (the corresponding Fe-only species 

are analogues but Cu-free; the mononuclear Fe8-heme complex is also shown for comparison 

with FeCu3; in FeCu4 the red truncated cones represent per-O-methylated -cyclodextrins). 

 

It was obtained by irreversible reaction of dioxygen with the corresponding FeII-CuI precursor, 

in the presence of an excess of DCHIm, and assigned to a μ-η2:η2 (“side on”) bridging peroxo 

complex. The essential role of copper in the reactivity is supported by the fact that the 

corresponding iron-only complex (i.e. with no metal in the tacn pocket) reacts with dioxygen 
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much more slowly and in a reversible way. In another example of heme/Cu systems reported 

by Casella and co-authors, [(HMGH)FeIIICuII]3+ (HMGH indicates the employed multitopic 

ligand; FeCu2 in Fig. 6), the heme was functionalized with a chelating moiety for copper and 

an imidazole for axial coordination to iron [82]. From reactivity studies, the authors suggested 

a manifold of roles for copper: (i) a “cooperative” role, the FeIII/CuII complex displaying greater 

affinity for azide coordination than its iron(III)-only analogue; (ii) a protective role, since the 

thermal degradation of the Fe/Cu–O2 adduct formed by reaction of the reduced complex (FeII-

CO/CuI) with O2 is slower than for the Fe-only O2-adduct; and (iii) a reactivity booster role, 

since FeCu2 catalyzes p-cresol peroxidation with enhanced kinetics compared to the Cu-free 

catalyst. The peroxidase activity was also evaluated with FeIII, CoII, MnII, or ZnII in the non-

heme site [83]. In all cases, the non-heme metal ion was shown to enhance catalytic activity, 

with the greatest effects observed for the redox active metals. 

All catalytic CcO models are ORR electrocatalysts working in aqueous solutions [72]. There is 

only one exception reported by Fukuzumi, Karlin and co-authors. They described a heme/Cu-

tpa assembly ([(hemetpa)FeIICuI]+, FeCu3 in Fig. 6, tpa = tris(2-pyridylmethyl)amine) and its 

Fe-only analogue, both acting as homogeneous 4-electron ORR catalysts in air-saturated 

acetone solution, at low and room temperature (−60 °C < T < −5 °C and 25 °C, respectively), 

in the presence of TFA as proton source and of Me10Fc as electron donor [84]. Kinetic 

measurements evidenced that O2 binding is the rate-determining step at 25 °C (while the O-O 

cleavage is limiting at −60 °C). Therefore, the fact that at room temperature the ORR rate with 

the Fe-Cu catalyst is twice the rate with the Fe-only catalyst agrees with an active role of copper 

in promoting O2 binding to heme, and not necessarily in inducing O−O bond cleavage. This 

result is consistent with CcO investigation supporting a role of CuB as the initial coordination 

site for dioxygen in the BNC [73, 74]. In parallel, electrocatalytic O2 reduction was explored 

with FeCu3 and derivates immobilized on edge plane pyrolytic graphite (EPG) [85]. A 

comparison of the Faradaic efficiency for O2 reduction to water for the Fe/Cu complex (74%), 

the Fe-only analogue (59%) and the parent F8-heme platform (lacking the tpa-containing 

function, 20%) evidences a beneficial effect of copper for 4-electron reduction. The low 

selectivity for H2O observed with the F8-heme is proposed to result from the formation of a 

heme-peroxo-heme intermediate that is known to easily release H2O2 in acidic water. 

Kitagishi and co-authors reported a supported ORR electrocatalyst based on a supramolecular 

complex formed between an iron(III)-porphyrinate derivative and two per-o-methylated β-

cyclodextrin molecules connected via a (2,2´:6´,2´´-terpyridyl)copper(II) complex linker 

(FeIIITPPS/CuIITerpyCD2 or FeCu4, Fig. 6, TPPS = 5,10,15,20-tetrakis(4-
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sulfonatophenyl)porphinato, CD = per-O-methylated -cyclodextrin) [86]. The electrocatalytic 

performances of this Fe/Cu assembly, confined in the hydrophobic pocket of the β-

cyclodextrins, were compared with those of the copper-free system. In the presence of copper, 

catalytic current densities increase more than twice and the selectivity is notably modified in 

favor of 4H+/4e- ORR (3.0 electron reduction for the Fe/Cu assembly vs 1.6 electron reduction 

for the Cu-free system, as determined by rotating disk voltammetry). This last observation 

suggests that CuI in the terpyridyl Cu complex acts as an electron source, as proposed for CuB 

in CcO [87-89]. 

Among the different ORR electrocatalysts studied in the Collman’s lab [64], a family of EPG-

deposited biomimetic heme/Cu complexes incorporates three imidazolyl ligands for copper 

binding and an imidazolyl axial ligand to complete the heme iron coordination, as found in the 

CcO catalytic site [90-92]. All these catalysts are selective for 4H+/4e- ORR. Among them, 

those shown in Fig. 6 and named FeCu5 showed outstanding catalytic performances (more than 

10000 turnovers at physiologically relevant pH and potential >50 mV vs NHE). Under these 

non-biologically relevant conditions of fast electron flux (from the EPG electrode to the 

catalyst), the presence of copper did not significantly affect the ORR turnover frequency, and 

only improves slightly the selectivity (from 90% for the Fe-only compound to 96-98% for 

the Fe/Cu assemblies). Interestingly, the FeCu5 compounds (vs Fe-only analogues) were also 

investigated under diffusion-limited electron flux conditions by incorporation of diluted 

catalyst solutions into a lipid matrix deposited on the electrode surface [93]. Under these 

biologically relevant conditions, the Fe/Cu catalysts (still selective for 4H+/4e- ORR) maintain 

their catalytic activity and stability, while it is not the case for the Fe-only species. This can be 

rationalized by considering the biomimetic role of copper(I) as an electron reservoir. Actually, 

CuI can act as reductant for high valent oxygen species (such as ferryl or FeIV=O+.) and can thus 

prevent their accumulation that could damage the supporting ligand under slow electron transfer 

conditions. 

All these investigations demonstrate how in the heterobimetallic center of CcO, as well as in 

the corresponding synthetic and biosynthetic models, two redox active metal centers (one heme 

iron and one copper ion) cooperate to activate and reduce dioxygen to water. In CcO the heme 

moiety is directly responsible for O-O bond reductive activation and rupture, while the copper 

site assists the process in at least three synergetic ways: (i) promoting O2 binding to iron through 

the transient formation of a Cu-O2 adduct; (ii) facilitating electron transport to the catalytic 

center; (iii) directly participating to the O-O bond cleavage step (i.e. the conversion of the IP 

intermediate to PM/R). 
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Other multimetallic transition metal complexes that are not directly inspired from the BNC site 

of CcO are able to activate and reduce dioxygen [64, 80]. In particular, a few dimetallic 

complexes, including homodimetallic dicopper [94-96], dicobalt [97, 98], dimanganese [99], 

diiron [100], and heterodimetallic ruthenium/nickel species [101, 102] have been reported as 

homogeneous 2H+/2e- or 4H+/4e- ORR (electro)catalysts. Among them, the case of cofacial 

cobalt macrocycles is emblematic to illustrate how synergy between two metal centers (even of 

the same type), can have strong impact on O2 chemistry. Fukuzumi, Guilard and co-authors 

reported a single-bridged cofacial cobalt(II) porphyrin catalyst, [Co2(DPX)] (Co2
DPX, DPX = 

diporphyrin xanthene, Fig. 7) that is selective for 4H+/4e- ORR, in contrast to the parent 

mononuclear CoII-porphyrin (CoOEP) that is selective for 2H+/2e- ORR under the same 

conditions (HClO4, ferrocenes, benzonitrile solution) [103]. To rationalize this mismatch, the 

authors suggested that in this specific cofacial system the formation of a bridged CoIII-O-O-

CoIII intermediate promotes O-O bond cleavage and thus the production of water, while the 

same pathway is not available for the mononuclear analogue. However, the bridging spacer 

properties (length and orientation of the macrocycle substituents) in cofacial dimetallic 

complexes are critical to address ORR selectivity. In another example reported by Cook and 

co-authors [104], an arene-ruthenium(II) clipped tetrabridged cofacial CoII porphyrin, [RuII
8(η6-

iPrC6H4Me)8(dhbq)4(CoIITPyP)2][OTf]8 (Co-prism, CoIITPyP = CoII tetra(meso-4-pyridyl)-

porphyrinate, dhbq = 2,5-dihydroxy-1,4-benzoquinato, Fig. 7) was reported to reduce O2 to 

H2O2 with a 90% selectivity (trifluoroacetic acid, ferrocene, benzonitrile solution). Note that 

Co-prism also displays a ~ten-fold faster kinetics compared to the related mononuclear 

compound (CoTPyP), as a consequence of the “face to face” arrangement. Very recently, Cao 

and co-authors have reported a very efficient and selective 4H+/4e- ORR catalyst based on an 

asymmetric cofacial cobalt porphyrin-porphyrin dyad, the dinuclear CoII triphenylporphyrin-

tri(pentafluorophenyl)porphyrin complex [105] (Co2
TPP,TPFP, Fig. 7). In a H2SO4 aqueous 

solution, Co2
TPP,TPFP loaded on carbon nanotubes showed higher ORR performances in terms 

of overpotential and selectivity ( = 0.51 V, 3.9 electron reduction) compared to the 

corresponding mononuclear Co porphyrins (CoTPP and CoTPFP, Fig. 7) and to all reported 

symmetrical dinuclear Co bis(porphyrins) (including the parent dinuclear CoII 

bis(tri(pentafluorophenyl)porphyrin)) complex, Co2
(TPFP)2, Fig.7). The asymmetrical structure 

is thought to be responsible for the improved activity of Co2
TPP,TPFP: while the redox-active 

Co-TPFP porphyrin unit is in charge of the binding and activation of O2, the Co-TPP site 

remains at the CoIII state and serves as Lewis acid to assist catalysis. More specifically, CoIII-

TPP stabilizes the first (TPFP)CoIII-O2
.- intermediate electrostatically and supports the 
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successive peroxo-bridged intermediate. In a similar way to bis(porphyrins), synergy between 

two metal ions has been also exploited in various ORR electrocatalysts based on bis(corroles) 

and porphyrin−corrole dyads [106]. 

 

Fig. 7. Examples of multimetallic ORR catalysts not directly inspired from the BNC site of 

CcO, with the corresponding mononuclear analogues (second and fourth rows). In Co-prism, 

only one of the four spacers is shown. 

 

Among the different examples of multinuclear non-macrocyclic systems, a dimetallic copper 

complex supported by a pentadentate polypyridine–polyamide ligand (Cu2
(N5)2, Fig. 7), 

reported by Cao and co-authors, well highlights the essential contribution of dinuclearity for 

orienting the selectivity towards 4H+/4e- ORR in late transition metal complexes [96]. More 
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specifically, at -0.9 V vs NHE in neutral water, Cu2
(N5)2 behaves as an homogeneous ORR 

electrocatalyst with 3.95 transferred electrons per O2 molecule, whilst only 2.77-2.91 electrons 

are transferred when parent mononuclear Cu complexes (Fig. 7) are used under the same 

conditions. The cooperation between the two Cu ions in Cu2
(N5)2 is therefore crucial to promote 

the bimetallic homolytic O–O bond cleavage for 4H+/4e- ORR. Such a mechanism is not 

accessible in mononuclear late transition metal complexes, which usually catalyze 2H+/2e- 

ORR. 

All these examples of O2-reducing polynuclear complexes, bio-inspired by the CcO or not, 

demonstrate that multimetallic catalysis and metal-metal synergy can have a strong impact on 

ORR selectivity and/or kinetics by affecting geometries and energies of transition states and by 

enabling alternate bimetallic reduction pathways that are not accessible for their mononuclear 

counterpart(s). However, there is still a need of systematic studies to determine the electronic 

or/and structural factors that control the selectivity and tune the catalytic efficiency of the ORR 

process. 

 

 

4. The carbon cycle: the essential role of CO dehydrogenase and acetyl-coenzyme A 

synthase for CO2/CO fixation 

In nature, carbon monoxide (CO) and carbon dioxide (CO2) enter the metabolism of many 

aerobic and anaerobic organisms and are fixed into organic carbon. In the anaerobic Wood 

Ljungdahl (WL) pathway, one of the most efficient paths for CO2 fixation, two CO2 molecules 

are converted into one acetyl-SCoA molecule (-SCoA = co-enzyme A) in the presence of 

protons, electrons and -SCoA. The last two steps of the process (Eq. 3 and 4), catalyzed by 

NiFe-dependent CO dehydrogenase (NiFe-CODH) and acetyl-coenzyme A synthase (ACS) 

[107, 108], are essential reactions of tremendous interest in industry, i.e. the reverse water gas 

shift reaction and the Monsanto process, respectively. NiFe-CODH catalyzes CO2 reduction 

into CO (Eq. 3), while ACS the successive formation of a C-C bond between the generated CO 

and a methyl group bound to the Co center of a B12-containing protein, followed by a 

thioesterification with -SCoA to generate acetyl-SCoA (Eq. 4).  

 

CO2 + 2H+ + 2e-   CO + H2O                (3) 

CO + [CoIII]-CH3 + -SCoA  CH3-CO-SCoA + [CoI]   (4) 

 

In some aerobic or anaerobic organisms that use CO as the sole source of carbon, CO is first 
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oxidized into CO2 (Eq. 3), which is then fixed into carbohydrates through the Calvin-Benson-

Basham pathway. Two CODHs can be involved to oxidize CO into CO2: the above-mentioned 

NiFe-CODH (in this case, not associated to ACS) in the anaerobic organisms and the MoCu-

CODH in the aerobic organisms [109]. 

It is remarkable that the active sites of the NiFe-CODH, MoCu-CODH and ACS all contain 

multinuclear centers exploiting metal-metal cooperation for substrate activation. The NiFe-

CODH enzyme contains five (or seven) metal clusters per homodimeric enzyme, including 

three (or five) electron transport [Fe4S4] clusters and two NiFe sulfur clusters, named C-clusters, 

where the reaction (CO2 reduction/ CO oxidation) occurs [110-112]. The C-cluster is a 

[NiFe4S4] cluster, in which a Ni atom is located in one vertex of a highly distorted iron-sulfur 

cubane and a pendant Fe atom is attached to it. Many different forms of C-cluster have been 

crystallized: the initial structure (inactive form) includes a bridging sulfide between the Ni and 

pendant Fe centers [111, 113, 114] (Fig. 8a). In the active form of the C-cluster (Cred1, Fig. 8b), 

the NiII ion is coordinated by three sulfur ligands in a planar T-shaped geometry, while the 

pendant FeII ion is in a tetrahedral environment including a hydroxo ligand. During catalysis 

(Fig. 8), redox activity only occurs at the Ni site that cycles between NiII and Ni0. In the CO 

oxidation direction, the NiIIFeII state first activates CO to generate a NiII-CO adduct (Cred1-CO) 

[115]. An Fe-bound hydroxide then reacts with NiII-CO through a nucleophilic attack to 

generate a bridging carboxylate between the Ni and Fe centers (Cred1-CO2). The successive 

release of CO2 leads to a Ni0FeII state (Cred2) that is then re-oxidized to complete the catalytic 

cycle. A strong synergistic effect between the Ni and the pendant Fe sites is mandatory to 

explain the efficiency of this enzyme: the Ni center activates the CO molecule, while the Lewis 

acidity of the FeII center allows the formation of the Fe-OH unit from water at physiological 

pH. Finally, the C cluster allows for a perfect positioning of the FeII-OH and NiII-CO units for 

an optimized reaction. 
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Fig. 8. (a) Structure of the NiFe-CODH active site (PDB 1JQK, inactive state, X = unknown 

atom) and (b) currently accepted catalytic cycle. 

 

The MoCu-CODH enzyme is composed of three subunits, each containing two [Fe2S2] clusters 

and an active site consisting of a heterodimetallic {MoSCu} core [109, 116, 117] (Fig. 9a). In 

the resting state, the Mo center is coordinated in a square pyramidal geometry with an oxo 

ligand in the axial position, and in the equatorial plane two sulfurs from a pyranopterin cofactor, 

a hydroxyl group, and an unsupported sulfide bridging Mo to a Cu center. The Cu donor set is 

completed by only one thiolate from a cysteine resulting in an almost linear coordination 

geometry. The first common step in the two possible catalytic pathways currently discussed in 

the literature, is the two-electron oxidation of the MoIV-hydroxo unit into a MoVI-oxo species 
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(Fig. 9b). Based on a recent study, this oxidized form can be viewed as a frustrated Lewis pair, 

with the MoVI=O unit serving as the Lewis base and the CuI ion being the Lewis acid [118]. In 

both catalytic paths (A and B), the MoVI=O/CuI intermediate activates CO through its 

coordination at the copper site (CuI). As in Ni-CODH, the key step is the nucleophilic attack of 

the MoVI-bound oxo ligand to CuI-CO to generate a carboxylate bridging the two metal centers. 

To close the cycle, CO2 is released with the concomitant coordination of another hydroxyl ion 

to Mo. The difference between the two proposed paths arises from the structure of the metal 

carboxylate intermediate: it can be bound to copper either via the carbon atom, or via the oxygen 

atom with a C…S interaction strengthening the linkage.  
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Fig. 9. (a) Structure of the MoCu-CODH active site (PDB 1N5W) and (b) currently accepted 

catalytic cycle. 

 

As Ni and Fe in NiFe-CODH, Mo and Cu act in synergy, but in a slightly different way. The 

copper center activates CO but has formally no redox activity (it remains in the +1 oxidation 

state, contrarily to Ni in NiFe-CODH that switches between the +2 and 0 oxidation states). On 

the other hand, the Mo site combines redox activity and Lewis acid properties to generate a 

nucleophilic oxo ligand (while pendant Fe in NiFe-CODH is redox inactive). Besides, (i) the 

bimetallic arrangement supports the bridging carboxylate coordination in the Mo--CO2-Cu 

intermediate, and (ii) the CO2 release step is assisted by the sulfide-mediated high electronic 

delocalization between copper and molybdenum.  

The ACS enzyme is composed of three main subunits, one containing the active site, the second 

interacting with the NiFe-CODH and the last one binding -SCoA. The active site (A-cluster, 

Fig. 10a) is composed of a nickel center, the so-called proximal nickel (Nip), which is linked to 

a [Fe4S4]
2+ cluster via a -thiolate and to a second Ni center, named distal nickel (Nid), via two 

-thiolates (all the bridging thiolates arising from cysteine residues) [108]. Substrates binding 

and redox activity seem to be confined to the Nip center, displaying coordination vacancies 

resulting from its T-shaped tris-thiolate coordination. In the currently proposed mechanism for 

ACS [115] (Fig. 10b), Nip switches between three different oxidation states, NiI , NiII and NiIII. 

The first active species is generated by one electron reduction of the NiII resting state, and then 

activates CO to form a NiI-CO intermediate. NiI-CO is then methylated by a CH3-CoIII to form 

a OC-NiIII-CH3 intermediate and CoI. The subsequent C-C formation is triggered by an internal 

one-electron transfer that reduces NiIII to NiII. The final step corresponds to the reductive 

elimination of the thioester acetyl-SCoA by reaction between the generated NiII-C(O)CH3 and 

-SCoA. The presence of both the [Fe4S4]
2+ cluster and Nid are proposed to assist the internal 

electron transfer occurring during the catalytic cycle and to stabilize the unusual T-shape 

structure of Nip, respectively. The iron-sulfur cluster and Nid also modulate the redox and 

electronic properties of Nip for an optimal catalytic efficiency. 
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Fig. 10. (a) Structure of the ACS active site (PDB 1OAO) and (b) currently accepted catalytic 

cycle. 

 

In the current societal context, CODHs and ACS should appear as great sources of inspiration 

for the design of CO2 reduction and carbonylation catalysts, respectively. However, even if 

structural models have been described, the number of active mimics is currently very limited. 

In the case of the NiFe-CODH, although a large number of heterodinuclear NiFe complexes 

have been reported as structural and/or functional models of [NiFe]-hydrogenase (see Section 

2), none have shown the ability to reduce CO2. Note that in the quest of a better understanding 

of the enzyme mechanism, a complex displaying a NiII--CO2-FeII motif obtained by direct 

CO2 coordination has been reported, demonstrating that such structure can be stabilized in 

synthetic models [119]. Regarding CO oxidation, no active heterodinuclear NiFe complexes 



  30 

have been reported so far, whilst some mononuclear Ni complexes have been shown to activate 

CO (at the +I or 0 oxidation state). Recently, a NiIIIrIII complex, [NiII(X)IrIII(CO)(Cp*)]2+ (NiIr, 

X = N,N’-dimethyl-3,7-diazanonane-1,9-dithiolato), has been described capable to efficiently 

catalyze CO oxidation under basic aqueous conditions in the presence of 2,6-

dichlorobenzeneindophenol (DCIP) as electron acceptor [120] (Fig. 11a). Several intermediate 

species have been characterized including a NiII--CO2-Ir
III complex that is generated from 

NiII/IrIII-CO species in the presence of hydroxide. Even if CO is activated at the Ir site instead 

of at the Ni site as in NiFe-CODH, the formation of a carboxylate bridge between the two metal 

ions well illustrates their synergetic role as observed in the enzyme.  

Concerning MoCu-CODH mimics, several structural {MoSCu} models have been reported, but 

none displays CODH reactivity [118, 121-124]. Groysman and co-authors described a MoCu 

complex, [MoVIO3CuI(L)]2- (MoCu, L= (E)-3-(((2,7-di-tert-butyl-9,9-dimethyl-5-((pyridin-2-

ylmethylene)amino)-9H-xanthen-4-yl)amino)methyl)benzene-1,2-diolate), in which a high 

valent Mo-oxo unit attacks a CuI-bound imine function through intramolecular nucleophilic 

addition as for the MoCu-CODH (Fig. 11b). In this case, the imine group of the supporting 

ligand plays the same role of CO in the enzyme, and the corresponding hydrolysis products 

(aldehyde and amine) are released instead of CO2 [125]. In the absence of CuI, only traces of 

the products of ligand hydrolysis are formed, demonstrating that copper plays a role in 

positioning the imine substrate in proximity of the nucleophilic Mo–oxo and in enhancing its 

electrophilic character.  

In the case of ACS, since only Nip seems to be directly involved in its reactivity, models are 

mainly mononuclear Ni complexes that coordinate CO and/or CH3
+ [126-129]. Currently, there 

is only one dinuclear Ni complex that has been proven efficient for ACS activity. Tatsumi and 

co-authors have investigated the [LN2S2NiII-(S2)Ni0(cod)] complex (NiNi, cod = 1,5-

cyclooctadiene) that generates the methyl/thiolate adduct [LN2S2NiII-(S2)NiII(CH3)(SDmp)] 

(Dmp = 2,6-dimesitylphenyl) by reaction with the CH3
+ donor [CoIII(dmgBF2)2(Me)(Py)] (dmg 

= dimethylglyoximate) and KSDmp [130, 131] (Fig. 11c). In a successive step, the addition of 

CO in the presence of cod excess leads to the release of the acetylthioester MeCOSDmp via 

reductive elimination regenerating NiNi. Using a less reactive thiolate, a relevant acyl 

intermediate [LN2S2NiII-(S2)NiII(COMe)(SC6Cl5) complex has been isolated, confirming that 

CO insertion in the Ni-methyl bond occurs before the thioesterification as proposed in the ACS 

mechanism. The N2S2-coordinated NiII center is not reactive, but plays a structural role to hold 

the two bridging sulfurs in an adequate and flexible position for optimal activity of the active 
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Ni center. 

 

Fig. 11. Model complexes for the (a) NiFe-CODH, (b) MoCu-CODH and (c) ACS discussed 

in the text. In (a), the system is catalytic (all the displayed intermediates have been 

characterized), while in (b) and (c), this is a single turnover activity. 

 

In summary, the active sites of the CODH and ACS enzymes are composed of clusters 



  32 

containing a heterodinuclear unit essential for their activity and where each one of the metal 

centers fulfills a precise function. In CODHs, when considering the CO oxidation direction, one 

metal ion is responsible for CO binding (NiII or CuI), while the second (FeII or MoIV) generates 

the nucleophilic metal-bound oxo/hydroxo ligand attacking the pre-activated CO. In ACS, even 

if the reactivity (binding of CO and methyl group for an efficient C-C formation) is localized 

only on one Ni, the second Ni is required to stabilize the T-shape geometry of the active Ni and 

to modulate its electronic properties. To date, chemists have not succeeded to develop synthetic 

catalysts by mimicking these features. However, in the light of these great sources of 

inspiration, researches in the CO/CO2 valorization domain should also consider the exploration 

of bio-inspired heterometallic clusters to reproduce the metal-metal cooperation found in these 

enzymes, crucial for optimal activity. 

 

5. Dinitrogen reduction: FeMo-co of nitrogenase vs synthetic FeFe and MoMo 

complexes 

Dinitrogen (N2), which makes up to ~78% of the Earth's atmosphere, is essential for sustaining 

all living organisms. However, due to its chemical inertness it is not directly accessible to plants 

and animals, and hence nitrogen fixation, i.e. ammonia (NH3) formation from nitrogen gas, is 

one of the most important reactions in chemistry (Eq. 5). 

 

N2 + 6H+ + 6e- → 2NH3  (5) 

 

Ammonia is the main source of nitrogen fertilizers that provide food for about half of the present 

world population [132]. In addition, the development of “nitrogen economy” based on the use 

of NH3 as an energy or hydrogen carrier, is emerging [133]. Ammonia synthesis from nitrogen 

gas is currently performed through the Haber-Bosch process on the surface of a K+ promoted 

Fe (or Ru) catalyst [134]. Even if this process is indispensable to our society, it is highly energy 

consuming and strongly impacts the environment in terms of carbon footprint. Consequently, 

the development of more energetically and environmentally viable strategies for ammonia 

production from dinitrogen is required. The implementation of artificial nitrogen fixation 

processes based on the use of molecular catalysts under mild conditions requires to retrieve as 

much information as possible from biological nitrogen fixation, which is promoted by a 

multimetallic active site. 
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In nature, nitrogenases are the only enzymes known to convert nitrogen into ammonia. They 

work under ambient pressure and temperature using electron carriers (ferredoxins or 

flavodoxins) as reducing reagents and water as a proton source [135-138]. Among the different 

types of nitrogenases (molybdenum-, vanadium-, and iron-only), the Mo-dependent one is the 

most diffused, efficient and selective. From dinitrogen, protons and electrons, Mo-nitrogenase 

produces ammonia with the concomitant generation of dihydrogen as co-product, and the 

process is energetically sustained by the hydrolysis of ATP. 

Crystallographic studies have confirmed that Mo nitrogenase is a multimeric protein complex 

composed of an electron transfer Fe protein and a N2-fixing MoFe protein [139]. The tetrameric 

MoFe protein contains two catalytic units, each including an [Fe7S9MoC-homocitrate] cofactor 

called FeMo-co, where the reduction of dinitrogen to ammonia occurs, and an [Fe8S7] cluster 

(P cluster), involved in the electron transfer from the Fe protein to FeMo-co. In its resting state, 

the FeMo-co structure can be viewed as two cubanes, [Fe4S3C] and [MoFe3S3C] sharing a single 

carbon atom (whose identity was confirmed spectroscopically) and connected through three µ3-

bridging sulfides [137, 140] (Fig. 12a).  
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Fig. 12. (a) Structure of nitrogenase FeMo-co (PDB 4WZB), (b) currently accepted key step 

for biological N2 activation, and (b) alternative pathways for N2 reduction to NH3 (general 

scheme). 

 

The molybdenum atom is coordinatively saturated, surrounded by three bridging sulfides, one 

histidine, and a bidentate homocitrate, leaving no vacant site available for dinitrogen substrate 

binding. On the opposite vertex of the cluster, the tetrahedral S4 coordination of iron (Fe1) is 

completed by one terminal cysteine residue from the protein backbone. Each one of the 

remaining six central iron atoms (Fe2-Fe7) is coordinated by two µ3- and one µ2-sulfides in a 

trigonal pyramidal geometry, with the single C atom at the apex. Altogether, Fe2-Fe7 constitute 

a trigonal prism with three open Fe4S4 faces, capped by Fe1 and Mo and containing the C atom 

in its center. One of such exposed Fe4S4 faces is predicted to host the dinitrogen binding and 

reduction site since the iron atoms of this face (Fe2/4/5/6 in Fig. 12a) possess vacant 

coordination sites [138]. Coherently, mechanistic studies have shown that these coordinatively 

unsaturated iron centers are responsible for the formation of hydrides and for N2 binding, 

although the precise catalytic pathway is still under debate [135, 141, 142].  

During N2 reduction catalysis, the electrons are transferred one-by-one from the Fe protein to 

the MoFe protein, and ultimately accumulated on FeMo-co. A “draft mechanism” proposed by 

Hoffman and co-authors, supported by ENDOR studies and theoretical calculations and 

unifying with the previous Lowe–Thorneley kinetic model [143, 144], shows how electrons and 

protons accumulate on FeMo-co to activate the cofactor [135, 138, 145-147]. Following this 

reaction path, four electrons and four protons must be accumulated on the FeMo-co resting state 

to generate the E4(4H) state, called the “Janus” intermediate, responsible for N2 binding and 

activation (Fig. 12b). The “Janus” intermediate contains two [Fe−(μ-H)−Fe] units and two 

protons located on bridging sulfides [148-150]. Four coordinatively unsaturated iron sites thus 

cooperate for accumulating electrons on the metal cluster in the form of bridging hydrides, 

whilst avoiding changes in the formal oxidation state of the metal core. 

Dihydrogen release from {E4(4H)} in a reductive elimination pathway, which is formally 

equivalent to the release of two protons and two electrons, makes available the two remaining 

reducing equivalents for N2 coordination and the first stage of its reduction. Upon translocation 

of the two protons from hydrosulfides to Fe-bound N2 a spectroscopically observed diazenido-

metal complex {E4(2N2H)} is formed [151-153] (Fig. 12b). Its further reduction by four 

electrons/protons leads to formation of two equiv. of ammonia and the resting state. Two 

mechanistic pathways, distal and alternating [154], are commonly invoked (Fig. 12c) for this 
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route, which are distinguished by the sequence of proton/electron transfers on the N2 unit and 

by the timing of ammonia release [135]. An “alternating” pathway is highly likely for FeMo-

co because the same intermediates are spectroscopically observed when N2, diazene or 

hydrazine are used as substrates [135, 147, 155-157]. Finally, despite extensive mechanistic 

studies, it is still not established if and how the molybdenum center [158] and the central carbide 

[159] influence the reactivity of the FeMo-co for N2 binding and reduction.  

Inspired by the FeMo-co reactivity and the Haber–Bosch process, in which K+ additives are 

used to enhance the reactivity of the Fe-based catalyst, several transition metal complexes have 

been found to display nitrogen reduction activity [160-163]. Nevertheless, the number is limited 

only to a few examples when multimetallic systems are concerned [164-173].  

Holland and co-authors reported iron complexes that support dinitrogen binding and 

stoichiometric N-N bond cleavage triggered by cooperation between multiple metal centers. 

The β-diketiminate dinuclear [(β-diketim)FeIICl]2 complex (Fe2
diketim, Fig. 13a) was shown to 

react with KC8 under dinitrogen atmosphere to form a dinitride-bridged tetranuclear complex. 

In this compound, three of the four iron centers are required for N2 splitting and involved in 

nitride coordination [166]. Combining moderate steric bulk (with methyl rather than isopropyl 

substituents) on the supporting ligand and interaction of the Fe-bound nitrides with a K+ cation 

was the key for enabling N2 cleavage [169, 174]. More recently, Murray and co-authors 

described a triiron(II) complex supported by a β-diketiminate cyclophane ligand, [(chpβ-

diketim)FeII
3Br3], (Fe3

diketim, Fig. 13b) that cleaves N2 after reduction with KC8 [175]. The 

resulting trinuclear mixed valence FeII/III complex contains three protonated N-atom bridges, 

the origin of protons being still unclear. The following addition of acids to the Fe2
diketim and 

Fe3
diketim derived N-atom bridged adducts leads to the release of (sub)stoichiometric amounts 

of ammonia (up to 96% [172] and 30% [175], respectively). These works highlight that both 

elongation and complete rupture of the N≡N bond can be promoted by cooperation between 

three iron atoms, each one channelling electrons to the N2 molecule, but also by harnessing the 

synergy with alkali metal cations. Alkali metal cations are thought to facilitate N2 cleavage (i) 

by stabilizing, via electrostatic interactions, highly reduced negatively charged complexes, 

especially the generated N-products, but also (ii) by promoting cation─π interactions with 

supporting ligands that contribute to locate the transition metals close enough to each other to 

facilitate their cooperation for N2 activation. 

The Peters group investigated dimetallic iron complexes derived from a binucleating ligand 

scaffold designed with a mixed phosphine−silyl−thiolate coordination environment. Among 

them, the [Fe{SiPiPr
2(μ-SAr)}Fe] complex (Fe2

S, SiPiPr
2(μ-SAr) = {[(2-
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iPr2PC6H4)2Si]2(C6H3S)}3-, Fig. 13c), including an aryl thiolate function, was shown to support 

dinitrogen coordination to iron to afford bis-N2 adducts [Fe(N2){SiiPr
2(μ-SAr)}(N2)Fe]n (n = 0, 

±1).[176] It was the first example of a sulfur-supported multinuclear complex capable of N2 

binding, since none of the previously described bio-inspired iron−sulfur clusters reminiscing 

the most stringent features of FeMo-co [177-180] showed interaction with N2 [181, 182]. 

Interestingly, in the Peters system bis-N2 ligation is maintained across three oxidation states 

(FeIFeI, FeIIFeI, and FeIIFeII) [176]. The anionic [FeI(N2){SiiPr
2(μ-SAr)}(N2)FeI]─ system 

undergoes stoichiometric reduction of the bound N2 to produce 1.8(0.3) equiv of ammonia, 

when treated with an excess of KC8 and [H(OEt2)2]BArF
4. The cationic [FeII(N2){SiiPr

2(μ-

SAr)}(N2)FeII]+ species serves as an effective pre-catalyst for hydrazine disproportionation to 

NH3 and N2 and is more active compared to the parent monometallic analogue 

[Fe{SiPiPr
2S

Ad}N2)]
+ (FeSN2, Fig. 13c, 29 vs  0.25 equiv. NH3 h

-1, respectively) [183]. The 

N−N bond cleavage of hydrazine is probably facilitated in the bimetallic complex owing to a 

certain degree of cooperation between the two Fe ions in FeIIFeII species and/or the presence of 

the bridging thiolate, which could act as a proton shuttle.  
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Fig. 13. Reactivity of multiiron complexes with dinitrogen. For comparison with the Fe2
S 

system, the mononuclear FeSN2 adduct is also shown. 

 

Very recently, Tomson and co-authors have reported another series of dimetallic iron 

complexes supported by a binucleating ligand ([(3PDI2)Fe2(μ-Cl)(PR3)2]
+, Fe2

PDI2, 3PDI2 = 

pyridine-bis(imine) macrocyclic derivative, R = Me, Ph) Fig. 13d). These compounds have the 

peculiarity to support non-linear N2 bridging coordination [184]. Such a constrained geometry 

(with ~150° Fe-N2
centroid-Fe angles) is reminiscent of the bridging side-on coordination of N2 to 

iron atoms in the Haber Bosch -N2 intermediate (130° Fe-N2
centroid-Fe angles) [185, 186], and 

is also proposed to be involved in N2 splitting with the above-mentioned Holland complexes 

[171, 187]. Even if in the Tomson systems the non-linear N2 coordination mode did not lead to 
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N2 cleavage, because of the too strong ligand field donor set, these results pave the way to a 

promising strategy. 

In the context of a multimetallic strategy, the process of dinitrogen reduction to ammonia was 

made catalytic by Nishibayashi and co-authors, employing a series of binuclear complexes 

supported by pincer ligands [188-194]. Among them, the dinitrogen-bridged 

dimolybdenum(0)–dinitrogen complex bearing a tridentate PNP-type pincer ligand 

[{Mo(N2)2(
tBuPNP)}2(μ-N2)] (Mo2, tBuPNP = 2,6-bis[(di-tert-

butylphosphino)methyl]pyridine, Fig. 14) was shown to convert N2 to NH3 under ambient 

conditions upon treatment with cobaltocene (CoCp2) as a reducing agent and 2,6-lutidinium 

triflate as a proton source. A catalytic mechanism deduced from experimental and theoretical 

studies is shown in Fig. 14 [195]. It can be separated in three successive phases: (i) protonation 

of a terminal N2 ligand (accompanied by ligand exchange on one Mo center, with a triflate that 

replaces the trans-N2), (ii) the release of the first NH3 molecule with dissociation of the 

dinuclear structure, and (iii) the release of the second NH3 molecule with regeneration of the 

dinuclear structure. Remarkably, two observations suggest that the dinuclear arrangement is 

essential for the first protonation step: (i) a mononuclear counterpart of the dinuclear N2 adduct, 

[Mo(N2)2(
tBuPNP)(PMe2Ph)], is not catalytically active [196]; and (ii) protonation of 

mononuclear theoretical models [Mo(N2)3(
tBuPNP)] is predicted to be thermodynamically 

unlikely [190]. Based on theoretical calculations, the Mo-Mo synergy has been evidenced to be 

essential, especially for the first protonation, which is the crucial step of the catalytic cycle. 

Indeed, in Mo2 the electronic communication between the two Mo centers, mediated by the 

bridging N2 ligand, is thought to enable an intermetallic electron transfer from MoB to MoA, 

that promotes the protonation of the terminal N2 ligand on MoA. 

All these studies show how two or more metal centers offer a unique opportunity to promote 

N≡N bond splitting. The multimetallic strategy, exploited by nitrogenases and by some 

synthetic complexes, can assist the process in different ways: (i) multiple metal centers 

cooperate to form bridging hydrides, used as electron reservoirs to reduce the metal-bound N2 

(FeMo-co); (ii) cooperation between reduced metal centers facilitates multi-electron 

channelling to N2 (Holland and Murray complexes); (iii) the synergetic action of alkali cations 

stabilizes N-adducts (Haber Bosch catalyst, Holland complex); and (iv) electronic 

communication between metal centers affects the properties and reactivity (e.g. the basicity) of 

coordinated N2 (Nishibayashi catalysts). Currently, the major challenge in N2-reducing 

synthetic multimetallic systems seems to be the regeneration of the initial complex to make the 

process catalytic, the unique example of catalysis being achieved with the Nishibayashi’s 
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family of complexes, so far. With this respect, the use of supporting ligands with increased 

preorganization could help to prevent the collapse of the polynuclear structures that generally 

follows the protonation of the N-atom bridges. 

 

 

Fig. 14. Mechanism for N2 reduction to NH3 catalyzed by the [{Mo(N2)2(
tBuPNP)}2(μ-N2)] 

(Mo2) complex. 

 

6. Nitrous oxide reduction: from the biological CuZ site to multicopper complexes 

 

Nitrous oxide (N2O) is a potent greenhouse gas, with a 300-fold global warming potential than 

that of carbon dioxide [197]. Reducing it to benign dinitrogen in a proton-assisted reaction 

(Equation 6) is thus very attractive. 

 

N2O + 2H+ + 2e- −→ N2 + H2O  (6) 

 

The inertness of N2O makes the process kinetically unfavorable [198] and its poor coordination 

properties (weak -donating and -accepting) make its activation challenging with transition 

metal ions. However, this last option remains the most common since metal binding typically 

promotes N-O cleavage and release of N2 [199]. 
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In nature, nitrous oxide reduction is the last step of the four successive oxygen abstraction 

reactions occurring in the periplasm of denitrifying bacteria to convert inorganic nitrates into 

dinitrogen (NO3
- → NO2

- → NO → N2O → N2) [200]. For these organisms living in (almost) 

anoxic environments, this multi-step reduction process corresponds to a form of anaerobic 

respiration, in which binary nitrogen/oxygen compounds are terminal electron acceptors like 

dioxygen in aerobic respiration. In denitrifying bacteria, N2O reduction (Eq. 6) is catalyzed by 

the nitrous oxide reductase (N2OR) metalloenzymes [201]. These homo-dimers contain two 

different copper sites: (i) a unique tetranuclear copper sulfide-bridged “CuZ” cluster, bound to 

the protein backbone via seven histidine residues, which is thought to be the site of N2O binding 

and catalytic reduction; (ii) a binuclear CuA center delivering electron from biological redox 

centers (typically c-type cytochromes or type I copper proteins) to “CuZ”. 

Two forms of “CuZ” (named CuZ* and CuZ, both isolated and characterized 

crystallographically, Fig. 15a) coexist in the N2OR resting state (their relative amount depends 

on the enzyme purification conditions). The CuZ* form (4Cu1S), predominant after aerobic 

purification, contains a central distorted tetrahedral sulfido ligand 4-bridging four copper ions 

(CuI, CuII, CuIII and CuIV) in a CuII3CuI (one-hole) redox state [202]. Each copper ion is further 

coordinated by two histidines except CuIV that is bound to only one, while an additional hydroxo 

ligand bridges CuI and CuIV along one edge of the cluster. The CuZ form (4Cu2S), predominant 

after anaerobic purification, mainly differs from CuZ* by the nature of the ligand that bridges 

CuI and CuIV, a sulfide instead of a hydroxo, and for the cluster redox state, 2CuII2CuI
 [203, 

204] (two-hole). 
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Fig. 15. (a) Structure of the N2OR active site in the two resting state coexisting forms (CuZ* 

and CuZ, PDBs 1FWX and 3SBP, respectively); (b) currently accepted catalytic mechanism for 

biological N2O reduction (the inset shows a focus on the N2O binding and N-O cleavage steps, 

as predicted by DFT, adapted with permission from [205]. Copyright 2017 American Chemical 

Society; B is a basic site from the protein backbone). 

 

Concerning the N2OR activity [201, 205-207], the CuZ form does not seem to be catalytically 

relevant, since its “active” (reduced) state (CuII3CuI) reacts too slowly with N2O [208]. It is 

thus proposed that CuZ has a protective role for the enzyme cofactor. Conversely, the CuZ* form 

is catalytically relevant, even if not directly implicated in catalysis. Indeed, after an activation 

process (a prolonged incubation in the presence of reduced methyl or benzyl viologen), CuZ* is 

one-electron reduced to afford the CuZ*(4CuI) state that rapidly reduces N2O into N2 [209]. The 

isolated CuZ*(4CuI) species is thus proposed to be the first intermediate in the catalytic cycle 
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(Fig. 15b). Its reaction with N2O cleaves the N-O bond generating dinitrogen and the so-called 

CuZ
0 intermediate, which has been isolated and spectroscopically characterized [205, 210]. CuZ

0 

is isoelectronic to CuZ* (CuII3CuI, one-hole state), and structurally similar to it, the only 

significant difference being the presence of a hydroxo ligand terminally coordinated to CuIV 

and stabilized by hydrogen-bonding with the protein backbone, while the OH- in CuZ* was 

bridging CuI and CuIV. This small structural variation has notable electronic effects and is 

critical for reactivity: it enables fast one-electron reduction of CuZ
0 by the CuA center (which is 

not able to reduce CuZ*), regenerating the initial CuZ*(4CuI) intermediate to complete the cycle 

[205]. 

More insights on N2O binding to CuZ*(4CuI) and on the following N-O cleavage to afford CuZ
0 

(i.e. the first step of the catalytic cycle) were provided by DFT calculations performed by 

Solomon and co-authors [205] (inset of Fig. 15b). Nitrous oxide is first predicted to apically 

bind to CuI in a linear fashion, via its terminal N atom. Upon subsequent slight N−O bond 

elongation, the structure rearranges to form a 139° bent μ-1,3-O,N coordination geometry, with 

the O atom coordinated to CuIV and hydrogen-bonded to the protein backbone. The structural 

attribution for this key intermediate, CuZ*(4CuI-N2O), is consistent both (i) with the presence 

of a terminally bound CuIV-OH in CuZ
0, the O-atom arising from N2O, and (ii) with the fact that 

when N2OR is exposed to the inhibitor iodide, it also bridges the CuI and CuIV ions [211]. The 

“CuZ” electronic structure evolution occurring during N2O reduction indicates that the two one-

electron transfer steps from the {Cu4S} core to the * LUMO of N2O involve all four coppers 

in a synergetic manner. The first electron is transferred from the cluster via CuIV, but the 

generated hole (which can be considered as the orbital from which the electron was ejected) is 

delocalized via the μ4-S
2− bridge over the four copper centers. This delocalization lowers the 

electron transfer energy and results in the cleavage of the N−O bond. The successive proton 

transfer from the protein backbone to form a terminal CuIV-OH induces the transfer of a second 

electron, again via CuIV, with the generated hole being delocalized over CuIV and CuII. 

Following protein backbone reprotonation and N2 release affords a two-hole intermediate 

(2CuII2CuI), with one hole delocalized over CuI and CuIII and the second over CuII and CuIV. 

Finally, a last electron transfer from CuA generates one-hole CuZ
0. 

In the proposed N2OR mechanism, the synergy between the multiple copper ions, structurally 

and electronically mediated by the μ4-S
2− bridge, is critical for N2O reductive activation, since: 

(i) in CuZ*(4CuI-N2O), the -1,3-O,N bridging mode of N2O between CuI and CuIV enables its 

“stabilization” in a bent geometry that promotes back-bonding from copper to the substrate and 

thus facilitates N−O bond rupture; and (ii) this configuration supports electron delocalization 
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that lowers the reorganization energy of the redox processes occurring during the catalytic 

cycle. The need of four cooperating copper centers, even if only two directly interact with N2O 

(CuI and CuIV), is confirmed by theoretical calculations [212] and model chemistry [213] 

predicting that under catalytic conditions a putative dinuclear [Cu2(-S)] core would be 

deactivated by protonation or oxygenation of the bridging S2- ligand. 

In the last decade, inspired by the intriguing structure of “CuZ”, bioinorganic chemists have 

developed a series of synthetic multicopper-sulfur models that activate and reduce nitrous 

oxide. Nevertheless none displays catalytic activity so far [201]. The first functional N2OR 

mimic, reported by Tolman and co-authors in 2009, is a mixed-valence tricopper (CuIICuI
2) 

cluster bridged by a disulfide moiety, [(Me3tacn)3Cu3S2]
2+ (Cu3, Me3tacn = N,N,N-trimethyl-

1,4,7-triazacyclonane, Fig. 16) [214]. This complex is able to convert N2O to N2 in 

dichloromethane or tetrahydrofuran solution at low temperature (- 80 °C). Based on both 

experimental and theoretical data, it was shown that the actual active species is the 

[(Me3tacn)2CuICuIIS2]
+ complex formed in a dissociative pre-equilibrium. In the predicted 

reaction mechanism, a -1,1-O bridging N2O transition state is involved (Fig. 16), instead of a 

bent -1,3-O,N N2O adduct as proposed for “CuZ”. This intermediate undergoes successive N-

O bond scission to form an (undetected) oxo-bridged complex. As in N2OR, the direct 

interaction of N2O with two metal centers seems to facilitate its activation.  

Later, Torelli and co-authors reported N2O reduction activity of a dissymmetric dinuclear 

copper(I,II) mixed-valence complex containing a {Cu2S} core and exchangeable positions at 

the metal sites [215] (Cu2, Fig. 16). When bubbling N2O at room temperature on an acetone 

solution of the complex, the formation of a hydroxo-bridged dinuclear CuII adduct was observed 

concomitantly with release of dinitrogen. Contrarily from the natural and Tolman’s systems, 

N2O binding does not seem to directly implicate both copper centers. Instead, based on both 

DFT and experimental data, the authors suggested transient coordination of N2O to a single 

copper center, in either a 1-N or 1-O mode. However, a Cu–Cu interaction is present in the 

calculated mixed valence N2O-bound intermediate, as in the initial complex, so that copper-

copper synergy may still play a role in N2O activation.  

With respect to these works, two functional 4-sulfido bridged tetracopper clusters reported by 

Mankad and co-authors replicate more closely the geometry of the “CuZ” core. The amidinate-

supported [Cu4(μ4-S)] model [(μ2-NCN)4Cu4(μ4-S)]- (Cu4SN, NCN- = [(2,4,6-Me3C6H2N)2CH]-

, see Fig. 16), in its one-hole state (CuII3CuI) is capable to stoichiometrically reduce N2O in 

tetrahydrofuran at low temperature [216]. As a result, the corresponding one-electron oxidized 
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cluster (two-holes form, 2CuII2CuI) is generated together with N2. The authors proposed that 

one [Cu4(μ4-S)] cluster unit binds and activates the N2O molecule, while a second cluster 

molecule acts as a sacrificial reductant, affording the second electron to the substrate. 

More recently, the same group described another biomimetic [Cu4(μ4-S)] cluster that is N2O-

reactive in its fully reduced 4CuI state as “CuZ”, i.e. the [Cu4(4-S)(2-dppa)4]
2+ cluster (Cu4SP, 

dppa = (Ph2P)2NH, see Fig. 16) that contains two NH groups as hydrogen-bond donors in its 

second coordination sphere [217]. Cu4SP mediates stoichiometric 2H+/2e- reduction of N2O to 

N2 and H2O in the presence of cobaltocene, but only when specific hydrogen bond acceptor 

solvents (MeOH, acetone) are employed. This behavior is interpreted in terms of a biomimetic 

hydrogen-bond-induced structural distortion of the cluster that produces a redistribution of the 

electron density inside the cluster itself (with respect to a non-hydrogen bonded analogue), 

making favorable N2O binding and activation at a specific Cu-Cu edge. 

 

Fig. 16. Multimetallic complexes displaying N2O reduction reactivity, including both 

bioinspired multicopper-sulfur “CuZ” models (left) and cofacial metal porphyrins (right). In the 

case of the trinuclear Cu3 model, the DFT-calculated dinuclear transition state (Cu3-TS) is also 

displayed (adapted with permission from [214]. Copyright 2009 American Chemical Society). 

 

Other multimetallic transition metal complexes, not directly inspired from the “CuZ” site of 

N2O reductase but capable of activating and reducing N2O electrochemically, have been 

described by Collman and co-authors, i.e. hydrocarbon-bridged cofacial cobalt 

porphyrins.[218] More specifically, a greater than thousand-fold enhancement of the N2O 

electroreduction rate was observed for the bis-cobalt complex dicobalt(II) bis-2,8,12,18 

tetraethyl-3,7,13,17 tetramethyl-5,15 tetramethyleneporphyrin (Co2
4C4, Fig. 16) in comparison 

with the parent heterodinuclear CoII-PdII derivative (CoPd4C4, Fig. 16) and with a mononuclear 
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CoII porphyrin (CoTPP, Fig. 7). These results can be explained by the proximity of the two 

electroactive cobalt centers in Co2
4C4, which allows a concerted two-electron N2O reduction 

pathway that is not available with CoPd4C4 and CoTPP. 

Globally, the knowledge extracted from these functional and structural/functional mimics of 

the “CuZ” site of the nitrous oxide reductase strongly supports that a multimetallic center 

strongly promotes N2O reduction, since (i) it enables N2O binding in a bridging mode that is 

suited for N-O cleavage, and (ii) it facilitates an energetically favorable concerted two-electron 

N2O reduction mechanism. Nevertheless, the discovery of a synthetic multicopper center 

capable of catalyzing N2O reduction remains a holy grail. To this end, systematic investigations 

on the aforementioned families of models seem the best viable strategy. 

 

7. Concluding remarks and outlook 

 

In this review, we have discussed multimetallic enzyme active sites together with their 

respective bio-inspired complexes for which cooperation between metal centers is crucial for 

small molecule activation. Different types of synergy have been considered, which can be 

classified in the following categories: 

(i) Each metal center activates a different substrate before these react together. This is the 

case of NiFe- and MoCu-carbon monoxide dehydrogenases, in which one metal (Ni, Cu) binds 

CO while the second (Fe, Mo) binds H2O. 

(ii) Two or more metal centers are responsible for the activation of a unique substrate in a 

concerted or sequential way. In nitrous oxide reductase, N2O is activated simultaneously by two 

copper centers of its tetranuclear cluster via its coordination in a bent μ-1,3-O,N bridging mode 

that promotes N-O bond cleavage. In a similar way, in the key catalytic intermediates of [NiFe]-

hydrogenase, one hydride is bridged between nickel and iron. In Mo-nitrogenase four iron 

centers are simultaneously involved in the storage of reducing equivalents as bridging hydrides, 

required to coordinate and activate N2, and possibly also in channeling electrons to metal-bound 

N2 until its complete six-electron reduction. On the other hand, in cytochrome c oxidase, both 

heme iron and copper participate to O2 activation in a sequential way, with the transient 

coordination of O2 to Cu followed by its activation at the heme center, before to act together in 

the successive O-O cleavage step via the formation of a bridging (hydro)peroxo intermediate. 

(iii) One “active” metal binds and activates the substrate, while a second metal “assists” the 

process (a) by modulating the properties of the entire cofactor, typically its electronic, redox and 

geometric properties, or (b) by playing a direct role in the redox chemistry of the process. The 
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first case is that of acetyl-CoA synthase, in which the CO and CH3
+ substrates bind and react 

together at Nip, whilst Nid serves as a regulator. The second case is that of [FeFe]-hydrogenase, 

in which a terminal hydride is formed at Fed, with the Fep center that displays only redox activity.  

We have also described how the investigation of synthetic, bio-inspired multimetallic 

complexes is crucial (i) to rationalize the role of metal-metal synergy in the corresponding 

enzymes, and more specifically to understand how this synergy contributes to catalytic 

performances; and (ii) to exploit these systems, after properly tuning their features accordingly 

to the previous point, for catalytic applications. Concerning both of these aspects, the use of 

model complexes allows the definition of structure-activity correlations, including a comparison 

with the corresponding monometallic systems, the characterization of key intermediates that can 

be relevant for enzymes, and the exploitation of ligand design as a powerful tool for the 

optimization of metal-metal cooperation (and consequently of activity) in bio-inspired 

multimetallic catalysis. There is a growing need for systematic studies to define general trends 

in multimetallic reactivity. More specifically, the literature lacks studies, in which a common 

platform, e.g. a dinucleating ligand, is “filled” with various combinations of metal ions, each 

one playing a specific role, such as the activation of the substrate(s), redox activity, or Lewis 

acidity. Ideally, such investigation should allow to reach a fine control of the sequence of 

proton/electron and atom transfer events to the substrate(s) for an optimal catalytic performance.  
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