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In this contribution, a comprehensive review of the coordination chemistry of dinitrogen since 2003 is presented. Tremendous advances have been achieved during this time frame on the activation and functionalization of dinitrogen, i.e. fixation, by metal centers. An emphasis is made on these cases. Mechanistic aspects pertaining to functionalization of N 2 are presented.

Conclusion and perspectives

References Introduction

This chapter, dedicated to the coordination chemistry of N 2 follows the one from Comprehensive Coordination Chemistry II, and aims to be comprehensive presenting the results obtained since 2003. However, the chapter written in CCCII mainly focused on "Nature's solution to the nitrogen fixation problem, describing our understanding (up to the end of 2002) of the metal cluster of the nitrogenase enzymes". We will therefore include in the present review some results that date back from before 2003, which were crucial for the subsequent developments of the N 2 coordination and functionalization.

Group 3 and actinide transition metal-dinitrogen complexes

In 1909, Haber patented uranium nitride as heterogeneous catalyst, active enough to be industrial candidates for the N 2 -to-NH 3 process. 1 , 2 Bosch, Mittasch and co-workers patented later the use of Fe based catalysts and showed that Y, La, Ce, Th and U in combination with other metals were also active. [START_REF] Mittasch | The Historical Development and Theory of Ammonia Synthesis[END_REF] In 1985, Evans reported the first N 2

Preparation of Rare Earth (RE : group 3 and

Lanthanides) metal-dinitrogen complexes

The overwhelming coordination mode of N 2 at rare earth metals is side-on between two metals. It is interesting to note that the chemistry of dinitrogen complexes of RE metals is intimately linked to the search for stable RE complexes at the +II oxidation state. [START_REF] Evans | Tutorial on the Role of Cyclopentadienyl Ligands in the Discovery of Molecular Complexes of the Rare-Earth and Actinide Metals in New Oxidation States136 †[END_REF] Only a limited number of anionic ligands have been used successfully in this chemistry: Cp derivatives, N(SiMe 3 ) 2 , bulky OAr, Tp (tris-pyrazolylborate) and calix [4]pyrrole. 8 , [START_REF] Jubb | Dinitrogen Reduction Operated by a Samarium Macrocyclic Complex. Encapsulation of Dinitrogen into a Sm2Li4 Metallic Cage[END_REF] The most common synthetic procedure for the M(N 2 ) (M = RE) complexes involves reduction under atmospheric pressure of N 2 of a chosen precursor in the +III oxidation state with stoichiometric amounts of strong reducing agents (KC 8 , NaK, Li, Na…). In these cases, THF is classically used as solvent, and its coordination in the final complex depends on the size of the M center. page 7

[(Cp*)(Cp") 2 Lu] and [(Cp*) 2 (Cp")Y] react slowly with N 2 (3 weeks) to form the known {[(Cp*)(Cp")Lu] 2 (μ-η 2 :η 2 -N 2 )} and {[(Cp*) 2 Y](μ-η 2 :η 2 -N 2 )}. In the sterically crowded precursors the Cp" ligand in fact coordinates as (η 3 -C 5 Me 4 H) -ligand, which elimination as the radical can be photoactivated, leaving an excited d1 metal fragment that can reduce N 2 . [START_REF] Fieser | Dinitrogen Reduction via Photochemical Activation of Heteroleptic Tris(Cyclopentadienyl) Rare-Earth Complexes[END_REF] , [START_REF] Fieser | Dinitrogen Reduction, Sulfur Reduction, and Isoprene Polymerization via Comprehensive Coordination Chemistry Authors N[END_REF] All the dinitrogen ligands bridging two rare earth metals presented above contain the diazenido N 2 2-ligand, in light of the N-N bond distances measured between 1.17 and Alternatively the [{(NTMS 2 ) 2 (THF)M} 2 (μ 3 -η 2 :η 2 :η 2 -N 2 )K(thf)] (M = Y, Gd, Tb, Dy) complexes could be synthesized by the one electron reduction of the corresponding [{(NTMS 2 ) 2 (THF)M} 2 (μ-η 2 :η 2 -N 2 )] complexes. [START_REF] Fang | N2)3-Radical Chemistry via Trivalent Lanthanide Salt/Alkali Metal Reduction of Dinitrogen: New Syntheses and Examples of (N 2)2-and (N2)3-Complexes and Density Functional Theory Comparisons of Closed Shell Sc3+, Y 3+, and Lu3+ versus 4f9 Dy3+[END_REF] , [START_REF] Meihaus | Influence of an Inner-Sphere K+ Ion on the Magnetic Behavior of N23-Radical-Bridged Dilanthanide Complexes Isolated Using an External Magnetic Field[END_REF] In these complexes, the K is bound to the side-on N 2 moiety. This coordination can be prevented by using Na as reducing agent, cryptands of K, or if K(THF) 6 + is formed. [START_REF] Fang | N2)3-Radical Chemistry via Trivalent Lanthanide Salt/Alkali Metal Reduction of Dinitrogen: New Syntheses and Examples of (N 2)2-and (N2)3-Complexes and Density Functional Theory Comparisons of Closed Shell Sc3+, Y 3+, and Lu3+ versus 4f9 Dy3+[END_REF] In terms of reactivity, the first successful example of protonation to form the (N 2 H 2 ) 2-bridging ligand was given with the anionic Y complex (Scheme 3). [START_REF] Fang | Synthesis of the (N2)3-Radical from Y2+ and Its Protonolysis Reactivity to Form (N2H2) 2-via the Y[N(SiMe3)2]3/KC 8 Reduction System[END_REF] Indeed, none of the neutral rare earth related , the latter being protonated. The related Gd (N 2 H 2 ) 2-complex could be synthesized from the sequence involving reduction of the neutral [{(NTMS 2 ) 2 (THF)Gd} 2 (μ-η 2 :η 2 -N 2 )] by KC 8 , followed by treatment with NEt 3 H + . [START_REF] Fang | Synthesis of the (N2)3-Radical from Y2+ and Its Protonolysis Reactivity to Form (N2H2) 2-via the Y[N(SiMe3)2]3/KC 8 Reduction System[END_REF] Scheme 3

The chemistry of N 2 3-was subsequently developed with the Cp" derivatives. [START_REF] Rinehart | Strong Exchange and Magnetic Blocking in N23--Radical-Bridged Lanthanide Complexes[END_REF][START_REF] Rinehart | A N23-Radical-Bridged Terbium Complex Exhibiting Magnetic Hysteresis at 14 K[END_REF] Most notably, the use of the radical trianion of side-on N 2 ligand is shown to allow coupling between two lanthanide ions, promoting strong axial magnetic anisotropy leading to single molecule magnets. [START_REF] Demir | Giant Coercivity and High Magnetic Blocking Temperatures for N23-Radical-Bridged Dilanthanide Complexes upon Ligand Dissociation[END_REF] Further reduction of N 2 to N 2 4-with rare earth metals was evidenced. Indeed, starting in 1994, Gambarotta reported the coordination of calix [4]pyrrolide(4-) ligand to Sm (II) and Sm (III) . Coordination of N 2 to the Sm(II) complex formed a dimeric complex in which N 2 is surprisingly not reduced when the reaction is done in THF/hexane, while a trinuclear "Sm (III) 3 (N 2 4-

)" complex is formed in THF. [START_REF] Guan | Dinitrogen Labile Coordination versus Four-Electron Reduction, THF Cleavage, and Fragmentation Promoted by a (Calix-Tetrapyrrole)Sm(II) Complex[END_REF] They also used dipyrrolyl coordination to Sm(II) to promote electron transfer to N 2 . [START_REF] Dubé | Tetrametallic Reduction of Dinitrogen: Formation of a Tetranuclear Samarium Dinitrogen Complex[END_REF] , 35 , 36 In these cases dinitrogen bridged tetrasamarium complexes [(dipyrr) 4 {(THF)Sm} 2 Sm 2 (μ 4 -η 1 :η 1 :η 2 :η 2 -N 2 )] are formed, in which N 2 is coordinated to two Sm centers end-on and to the two others side-Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 9

on, with overall four Sm III and N 2 4-moieties.

In 2017, ca almost 30 years after the first report of side-on bridging N 2 complexes of rare earth metals, Evans presented the first example of end-on N 2 coordination in [{(NTMS 2 ) 3 Sc} 2 (μ-η 1 :η 1 -N 2 )][K(crypt)] 2 (crypt = 2.2.2-cryptand) (Scheme 4). Although the [Sc(NTMS 2 ) 3 ][K(crypt)] complex does not appear to react with N 2 at room temperature, treatment at low temperature (-35°C) in the absence of light, allowed the synthesis of the bridging N 2 complex. DFT calculations of the paramagnetic complex shows two degenerate HOMOs mainly N 2 π* in character but also with significant Sc-N 2 -Sc π bonding character, and thus features a triplet N 2 2-ligand (N-N distance of 1.221(3)Å). 37 Irradiation of the complex under Ar liberates N 2 and reforms the [Sc(NTMS 2 ) 3 ][K(crypt)] starting species. It is proposed that the small size and high Lewis acidity of Sc 3+ is responsible for the presence of three anionic amide ligands per metal, and therefore an important steric crowding at the metal favoring the unprecedented end-on coordination in bridging N 2 complexes of rare earth metals.

Scheme 4

In 2019, the group of Zhang and Xi reported a novel ligand platform at Sc to activate and functionalize N 2 . [START_REF] Lv | Scandium-Promoted Direct Conversion of Dinitrogen into Hydrazine Derivatives via N-C Bond Formation[END_REF] It involves Cp* and amidinate (Scheme 5). Reduction of the Sc III precursor with stoichiometric amounts of K formed the N 2 2-side-on bridging

Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 10 complex, while reduction with an excess of K in the presence of cryptand [2.2.2] formed the paramagnetic N 2 3-bridging complex featuring an elongated NN bond distance (1.3963(16)Å) (between single and double). Most interestingly, only the anionic complex reacted with MeOTf. In the latter complex, the (N 2 Me 2 ) 2-fragment possesses a nucleophilic character, and several hydrazine derivatives were obtained in good yield upon reaction with activated electrophiles. Reaction with CO yielded an unsymmetrical dimer in excellent yield via N-C bond formation.

Scheme 5

Preparation of Uranium metal-dinitrogen complexes

In 1998, Roussel and Scott reported the first actinide-N 2 complex using a bulky trisamido-amine ligand. [START_REF] Roussel | Complex of Dinitrogen with Trivalent Uranium[END_REF] Coordination of N 2 , in side-on fashion, proved to be reversible
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and the short NN bond distance (1.109(7) Å) suggests that the "U(NN' 3 )" fragment acts as a potent Lewis acid, preventing back donation and formal N 2 reduction. The same year, Cummins reported the end-on coordination of N 2 between a U III and a Mo III trisamide complexes. [START_REF] Odom | Heterodinuclear Uranium/Molybdenum Dinitrogen Complexes [16[END_REF] A double electron transfer occurs to form the U IV -(N 2 2-

)-Mo IV complex. In 2002, Cloke and Hitchcock provided the second example of side-on bridging coordination of N 2 at U III , using bulky Cp* and pentalene ligands. [START_REF] Cloke | Reversible Binding and Reduction of Dinitrogen by a Uranium(III) Pentalene Complex[END_REF] In that case, magnetic susceptibility and NN bond distance of 1.232 (10) Å consistent with N 2 2-

, point to reduction of N 2 by the two U III centers, leading to two U IV centers. Despite the stronger activation of N 2 in this complex, N 2 is readily lost in the solid state or in solution. The same year, Gambarotta reported that the reduction of a U III tetrapyrrole complex by potassium naphthalenide under N 2 resulted in the formation of the bridging dinitrido U IV /U V complex, in which the NN triple bond has been split. [START_REF] Korobkov | A Highly Reactive Uranium Complex Supported by the Calix[4]Tetrapyrrole Tetraanion Affording Dinitrogen Cleavage, Solvent Deoxygenation,and Polysilanol Depolymerization[END_REF] In 2003, the only mononuclear rare earth or actinide N 2 complex featuring end-on coordination was reported by Evans. Exposure of [UCp* 3 ] to ca 5 atm of N 2 afforded the U III -N 2 complex, which readily releases N 2 upon lowering the pressure (Scheme 7; top). [START_REF] Evans | A Monometallic f Element Complex of Dinitrogen: (C5Me 5)3U(Η1-N2)[END_REF] It is worth noting here that Gambarotta evidenced the formation of parent amido NH 2 fragment upon the reduction of a Th complex under N 2 , although an intermediate N 2

complex was not isolated. [START_REF] Korobkov | Amide from Dinitrogen by In Situ Cleavage and Partial Hydrogenation Promoted by a Transient Zero-Valent Thorium Synthon[END_REF] This is the first and sole example of functionalization of N 2 into terminal amide NH 2 in rare earth and actinide complexes (Scheme 6).

Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 12 Scheme 6 In 2011, Arnold reported the coordination of N 2 at U III [U(OR) 3 ] complexes (R = 2,6-di-tert-butylphenoxide, 2,4,6-tri-tert-butylphenoxide, Si(Mes) 3 , Scheme 7, bottom), and that the analytical data points the U IV -N 2 2--U IV structures. [START_REF] Mansell | Small Molecule Activation by Uranium Tris(Aryloxides): Experimental and Computational Studies of Binding of N2, Coupling of CO, and Deoxygenation Insertion of CO2 under Ambient Conditions[END_REF] The OSi(Mes) 3 dinitrogen complex is remarkably thermally stable. [START_REF] Mansell | Thermally Stable Uranium Dinitrogen Complex with Siloxide Supporting Ligands[END_REF] Scheme 7

In 2013, Mazzanti showed that the [U{OSi(OtBu) 3 }][K (18-C-6)] reacted with organic azides to form the corresponding imido complexes. The reaction of [U(OSi(OtBu) 3 ) 2 (μ-OSi(OtBu) 3 )] 2 with CsN 3 at low temperature resulted in the formation of the U IV /U IV bridging nitride Cs{(μ-N)[U(OSi-(OtBu) 3 ) 3 ] 2 }. [START_REF] Camp | Tuning Uranium-Nitrogen Multiple Bond Formation with Ancillary Siloxide Ligands[END_REF] The reactivity of the latter complex was subsequently studied. Its reduction by KC 8 results in the formation of [K 3 {[U(OR) 3 ] 2 (μ-N)}] which does react with N 2 to form the [K 3 (μ 4 -η 1 :η 1 :η 1 :η 1 -N)(μ 3 -η 2 :η 2 :η 2 -N 2 )(U{OSi(OtBu) 3 } 3 ) 2 ] complex, in which the side-on N 2 moiety is N 2 4-(Scheme 8). [START_REF] Falcone | Nitrogen Reduction and Functionalization by a Multimetallic Uranium Nitride Complex[END_REF] Protonation of the complex under sub-stoichiometric conditions allowed isolation of the parent imido-dinitrogen complex, while with two equiv. of H + , the dinitrogen moiety is protonated to form the bis-bridging imido complex. Most interestingly, reaction with excess H+ source under H 2 resulted in 77% formation of NH 3 , whereas without H 2 a lower yield of NH 3 is found.
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In 2019, the same group studied the reactivity of a diuranium U III -O-U III complex toward N 2 (Scheme 9). [START_REF] Falcone | Comprehensive Coordination Chemistry Authors N[END_REF] In this case also a bridging hydrazido 4-is formed, which strong nucleophilic character was evidenced by its reactivity toward excess CO. A cyanamido NCN 2-bridged complex is formed resulting from NC bond formation and CO bond breaking. Addition of excess CO to isolated cyanamide complex promotes a slow reduction of the diuranium(V) complex into a bis-oxo diuranium(IV) complex.

Unfortunately, the fate of the N containing product could not be identified. Rather surprisingly, protonation of the hydrazido 4-moiety did not result in NH 3 formation but rather in N 2 liberation.

Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 14 Scheme 9

In conclusion, rare earth and actinide complexes of dinitrogen have been reported quite recently, and their reactivity has not been studied extensively yet. However, first trends can be seen. In the rare earth complexes, it appears that the nucleophilic or basic character of the N atoms of the bridging N 2 2-is rather weak, and N 2 is typically liberated rather than functionalized. On the other hand, the one electron reduced species, featuring N 2 3-is readily protonated or alkylated, forming the corresponding (N 2 H 2 ) 2-and (N 2 Me 2 ) 2- bridging species, opening ways to further functionalize dinitrogen. Recent developments at U centers also evidenced the need for strongly reduced N 2 4-moiety for subsequent functionalization.
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Group 4 transition metal-dinitrogen complexes 2.1. Ti complexes: synthesis and reactivity

Major developments of the coordination chemistry of N 2 obtained in the 2000s are based on the early works by Vol'pin and Shur, Shilov, and Bercaw. The latter group introduced the Cp* (pentamethylcyclopentadienyl) ligand in the titanocene chemistry, synthesized N 2 complexes and demonstrated reversible end-on coordination depending on the temperature (Scheme 10, top). [START_REF] Bercaw | Pentamethylcyclopentadienyl)Titanium(II).Isolation and Reactions with Hydrogen, Nitrogen, and Carbon Monoxide[END_REF][START_REF] Bercaw | Pentamethylcyclopentadienyl)Titanium(II) and Its Complexes with Molecular Nitrogen[END_REF] Teuben, Mach and coworkers have used the less sterically demanding η 5 -C 5 Me 4 H ligand and reported that unlike the Cp* derivative, the Ti-H complex reacts instantaneously with N 2 to form the bridging end-on [{(η 5 -

Me 4 C 5 H) 2 Ti} 2 (μ-η 1 :η 1 -N 2 )
]. [START_REF] De Wolf | Tetramethylcyclopentadienyl)Titanium Chemistry. Molecular Structures of [(C 5 HMe 4 )(μ-η 1 :η 5 -C 5 Me 4 )Ti] 2 and [(C 5 HMe 4 ) 2 Ti] 2[END_REF] The group of Chirik studied the effect of systematic modification of the substitution pattern of the Cp ring. They observed changes in both the stability of the N 2 adducts (decreased stability with increasing bulk), and in its coordination mode. Indeed, if the end-on coordination is favored with bulky Cp rings and ansa derivative, [START_REF] Hanna | Cyclopentadienyl) Titanium Dinitrogen Chemistry: Synthesis and Characterization of a Side-on Bound Haptomer[END_REF] the side-on coordination is observed in [{(η 5 -1,2,4-Me 3 C 5 H 2 ) 2 Ti} 2 (μη 2 :η 2 -N 2 )] (Scheme 10, middle). [START_REF] Hanna | Cyclopentadienyl) Titanium Dinitrogen Chemistry: Synthesis and Characterization of a Side-on Bound Haptomer[END_REF] This coordination results in a significant N-N bond elongation to 1.216(3)Å, indicating a two electron reduction to N 2

2-

. Reduction of the bond order was classically associated with increased reactivity at the N 2 fragment, yet reaction with H 2 liberated N 2 and formed the dihydride complex. When the steric bulk was reduced further, a trimetallic Ti complex was formed in which the N 2 binds in a µ 3η 1 :η 2 :η 1 fashion. It features the longest N-N bond in titanocene complexes (1.320(3)Å) (Scheme 10, bottom left). [START_REF] Semproni | Side-on Dinitrogen Complexes of Titanocenes with Disubstituted Cyclopentadienyl Ligands: Synthesis, Structure, and Spectroscopic Characterization[END_REF] page 18

(1.461(7) Å), suggesting Ti-imido character. However, Raman stretch which is a better indicator of N 2 activation, suggests a reduced activation in the latter complex. Most interestingly, the authors showed that the [{(Tren TMS )Ti IV } 2 (μ 4 -η 1 :η 1 :η 2 :η 2 -N 2 K 2 )] complex catalyzes the production of up to 18 equivalents of NH 3 , making this complex the only homogeneous Ti species competent for catalytic reduction of N 2 into NH 3 . [START_REF] Doyle | Catalytic Dinitrogen Reduction to Ammonia at a Triamidoamine-Titanium Complex[END_REF] 

Scheme 12

In 2019, the same group reported a Haber-Bosch like approach to stoichiometric N 2 functionalization. [START_REF] Doyle | Bimetallic Cooperative Cleavage of Dinitrogen to Nitride and Tandem Frustrated Lewis Pair Hydrogenation to Ammonia[END_REF] Indeed, they evidenced a homogeneous reductive cleavage of N 2 to N 3-by a Ti-Mg complex, as well as conversion to NH 3 using H 2 , split by a frustrated Lewis pair (FLP). Starting from the [Ti(Tren TMS )Cl] complex, reduction by excess Mg over 3 days resulted in the formation of the bis-µ 

Zr and Hf complexes: synthesis and reactivity

The group of Fryzuk has studied for ca 30 years the polydentate (poly-)anionic N 2 activation and functionalization. [START_REF] Burford | Dinitrogen Activation by Group 4 and Group 5 Metal Complexes Supported by Phosphine-Amido Containing Ligand Manifolds[END_REF] The PNP complex proved too reactive toward H 2 or silane, likely because of phosphine dissociation, which prompted the development of the macrocyclic P 2 N 2 dianionic ligand. Reduction of the corresponding Zr IV complex resulted in the formation of the bimetallic side-on bound

N 2 complex [{(P 2 N 2 )Zr} 2 (μ-η 2 :η 2 -N 2 )].
Hydrogenation of the side-on N 2 with H 2 resulted in the formation of [{(P 2 N 2 )Zr} 2 (μ- . [START_REF] Bernskoetter | Kinetics and Mechanism of N2 Hydrogenation in Bis(Cyclopentadienyl) Zirconium Complexes and Dinitrogen Functionalization by 1,2-Addition of a Saturated C-H Bond[END_REF] The solution behavior however pointed equilibrium between the end-on and side-on complexes (10-15% of the end-on). Synthesis of the Hf congener revealed only side-on coordination. moieties, whereas CH activation of the ligand was seen in the Hf complex. [START_REF] Bernskoetter | N 2 Hydrogenation Promoted by a Side-on Bound Hafnocene Dinitrogen Complex[END_REF] If the thermal treatment of the Zr complex is done under H 2 , formation of the Zr dihydride is observed together with the elimination of NH 3 from the coordination sphere of the Zr. [START_REF] Pool | Hydrogenation and Cleavage of Dinitrogen to Ammonia with a Zirconium Complex[END_REF] The reactivity of the coordinated N 2 4-moiety toward various sources of protons was then studied. Protonation by H 2 O or EtOH liberates hydrazine from the Zr, whereas addition of amines or terminal alkynes left "N 2 H 2 " moiety in the coordination sphere (scheme 16). [START_REF] Bernskoetter | Dinitrogen Functionalization with Terminal Alkynes, Amines, and Hydrazines Promoted by [(Η5-C5Me4H) 2Zr]2(Μ2,Η2, Η2-N2): Observation of Side-on and End-on Diazenido Complexes in the Reduction of N2 to Hydrazine[END_REF] Scheme 16

η 2 :η 2 -N 2 H)(μ-H)],
When one cyclopentadienyl ligand was changed to an indenyl ligand, the presence of the arene ring resulted in markedly different N 2 complexes. [START_REF] Pun | Indenyl Zirconium Dinitrogen Chemistry: N2 Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 168 Coordination to an Isolated Zirconium Sandwich and Synthesis of Side-on, End-on Dinitrogen Compounds[END_REF] It is to be noted that at least two alkyl groups are to be present on the Cp moiety of the indenyl for the success of the coordination of the indenyl at a single Zr center. When this species is exposed to an N 2 atmosphere, a bimetallic complex featuring a μ-η 1 :η 1 end on N 2 ligand is formed. On the other hand, when the reduction was performed under N 2 , a bimetallic complex with a end-on side-on N 2 ligand is preferably formed. With two indenyl ligands, reduction of the Zr IV precursor under N 2 resulted in the inclusion of one equivalent of the salt (NaX) per

Zr center in addition to the expected coordination/reduction of N 2 . [START_REF] Pun | N2 Hydrogenation from Activated End-on Bis(Indenyl) Zirconium Dinitrogen Complexes[END_REF] Most interestingly, hydrogenation of this complex resulted in the double NH bond formation, proving that end on coordinated N 2 could also undergo 1,2 additions of H 2 .

Scheme 17

Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 26

Finally, the N 2 coordinated ansa-zirconocene complex [K{Me 2 Si(C 5 Me 4 ) 2 Zr(μ-Cl-1κ,2κ)} 2 (μ-η 1 :η 1 -N 2 )] proved to undergo reversible end-on to side-on switch upon one electron redox process (scheme 18). [START_REF] Semproni | Redox-Induced N2 Hapticity Switching in Zirconocene Dinitrogen Complexes[END_REF] Scheme 18

The authors reinvestigated the coordination of N Related chemistry involving cyclopentadienyl steric and electronic tuning was subsequently developed, and significant changes in the reactivity at N were observed proving the richness of this chemistry. The reactivity of the [{(η 5 -C 5 Me 3 H 2 ) 2 Hf} 2 (μ-

η 2 :η 2 -N 2 )
] is particularly rich, showing successive N-C, N-B and N-Si 80 bond formations (scheme 20). [START_REF] Semproni | Dinitrogen Borylation with Group 4 Metallocene Complexes[END_REF] The isocyanato μ-nitrido complex [{(η 5 -C 5 Me 3 H 2 ) 2 Hf} 2 (μ-N)(NCO)] obtained upon reaction with CO 82 demonstrated a versatile reactivity of the bridging nitride. Indeed, reactions with nitrile, isocyanate, CO 2 as well as allenes and activated alkyne was observed. [START_REF] Semproni | Synthesis of a Base-Free Hafnium Nitride from N2 Cleavage: A Versatile Platform for Dinitrogen Functionalization[END_REF] page 28

Scheme 20

The chemistry of ansa-hafnocene complex [{Me 2 Si(C 5 Me 4 )(C 5 H 3 tBu)Zr}(μ-η 2 :η 2 -N 2 )] was studied simultaneously. [START_REF] Knobloch | Dinitrogen Cleavage and Functionalization by Carbon Monoxide Promoted by a Hafnium Complex[END_REF] In this case, reaction with one equiv. of CO leads to NN splitting, as above, followed by CH activation of a tBu group of a ligand by the bridging nitride. Alternatively, double CO addition to form a (N 2 C 2 O 2 ) 4-ligand was observed under 1 atm. of CO (scheme 21).

page 29 Scheme 21

Group 5 transition metal-dinitrogen complexes

Despite the fact that one type of nitrogenase enzyme contains a vanadium center, the dinitrogen chemistry of group 5 metals has been developed rather late compared to discoveries of M-N 2 complexes in the 60s. Indeed, the first dinitrogen complex of group 5, a Ta complex, was reported in 1980 by Schrock and co-workers. [START_REF] Turner | Tantalum Complexes Containing Diimido Bridging Dinitrogen Ligands[END_REF] Only a few reports precede 2003, and therefore will be included in this chapter for the sake of providing a historical perspective.

Vanadium complexes: synthesis and reactivity

The first vanadium N 2 complex was obtained in 1989 by Gambarotta more than twenty years after the discovery of the first Ru-N 2 complex by Allen and Senoff. [START_REF] Rehder | Trans-[Na(Thf)][V(N2)2(Ph2PCH2CH2PPh2)2] : Structural Characterization of a Dinitrogenvanadium Complex, a Functional Model for Vanadiumnitrogenase[END_REF] The complex decomposes in solution within days and hydrolysis with excess HBr generates NH 4 + (one equiv. per complex). The dmpe analogue was reported in 1994. [START_REF] Gailus | Dinitrogenvanadates(-I): Synthesis, Reactions and Conditions for Their Stability[END_REF] In the following years, the group of Gambarotta studied N based ligands to obtain V-N 2 complexes, such as amide, polydentate amides [START_REF] Song | Dinitrogen Fixation, Ligand Dehydrogenation, and Cyclometalation in the Chemistry of Vanadium(III) Amides[END_REF] and amidinate. [START_REF] Desmangles | Preparation and Characterization of a Vanadium (III) Dinitrogen Complex Supported by a Tripodal Anionic Amide Ligand[END_REF] In 1995, the same group synthesized an anionic V-nitride dimer [((SiMe 3 ) 2 N) 2 V(μ-N)] 2 -via hydrogenolysis of a vanadacyclobutane complex under N 2 , N 2 being the source of the bridging nitride ligands. [START_REF] Berno | Reaction of a Vanadium(Ir1) Amide with H, : Isolation and Characterization of a Polynuclear Mixed-Valence Polyhydrido -Nitrido Complex[END_REF] Few years later, in 1999, Cloke also observed direct N 2 cleavage upon reduction of a V III complex featuring a tridentate diamidoamine ligand (scheme 22).

Reduction by two electrons yielded the paramagnetic anionic complex with symmetrical V-µN bond distances. The 15 line EPR spectrum at 293K in toluene is consistent with the unpaired electron of the d1 V V -V IV dimer being delocalized in solution. [START_REF] Clentsmith | Reductive Cleavage of Dinitrogen by a Vanadium Diamidoamine Complex: The Molecular Structures of [V(Me3SiN{CH2CH2NSiMe3}2)(μ-N)]2 and K[V(Me3SiN{CH2CH2NSiMe3}2)(μ-N)[END_REF] Oxidation with Ag+ forms the doubly nitride-bridged V (V) -V (V) dimer, as a diamagnetic complex. The VN bond distances are unsymmetrical, 1.769(10)Å and 1.862 (10)Å in this dimer. point that S = 0 and S = 1 are close in energy and provide very similar geometries. In 2012, Chirik prepared a related bisimino-pyridine ligand (R = Ph), and observed a similar complex featuring a reduced dianionic tridentate ligand. [START_REF] Milsmann | N-N Bond Cleavage of 1,2-Diarylhydrazines and N-H Bond Formation via H-Atom Transfer in Vanadium Complexes Supported by a Redox-Active Ligand[END_REF] In 2006, Schrock reported the second example of monometallic terminal end-on N 2 complex of V, [V(HIPTN 3 N)(N 2 )]K supported by the very bulky tetrapodal, trianionic (HIPTN 3 N) 3-ligand. [START_REF] Smythe | Synthesis of [(HIPTNCH 2 CH 2 ) 3 N]V Compounds (HIPT = 3,5-(2,4,6-i -Pr 3 C 6 H 2 ) 2 C 6 H 3 ) and an Evaluation of Vanadium for the Reduction of Dinitrogen to Ammonia[END_REF] It was obtained by reduction of the [V(HIPTN 3 N)(THF)] complex under N 2 , and is stable at room temperature, although N 2 can reversibly dissociate under these conditions.
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Scheme 23

In 2007, the dipyrrolide-pyrrole dianionic [NNN] 2-ligand was designed to provide variable σ and π donation. Reduction of the V III precursor yielded the mononuclear V II complex, and coordination of N 2 could only be achieved upon THF abstraction by AlMe 3 in toluene under N 2 (scheme 24). The magnetic moment measurement shows the two V centers in V II oxidation state, in accord with modest NN bond distance elongation (1.248(5)Å), as well as easy displacement by THF. Interestingly, this complex could be reduced to induce NN bond cleavage. Thus, upon reaction with KC 8 (2 equiv.), the mixed-valent V III , V IV μ-nitrido was formed as primary product, following an unknown mechanism. Reaction with the 15 N isotopomer nonetheless proved the nitride N atom to result from N 2 cleavage. [START_REF] Vidyaratne | Dinitrogen Coordination and Cleavage Promoted by a Vanadium Complex of a σ,π,σ-Donor Ligand[END_REF] Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 33

Scheme 24

Mindiola reported that an anionic tridentate [PNP] -ligand supported the formation of the

diamagnetic divanadium μ-N 2 complex, [[PNP]V(tBuCH)] 2 (μ-η 1 :η 1 -N 2 )
, with a short NN bond distance of 1.246( 6)Å, as well as short imide VN bond (1.757(3)Å). [START_REF] Kilgore | A Transient VIII-Alkylidene Complex: Oxidation Chemistry Including the Activation of N2 to Afford a Highly Porous Honeycomb-Like Framework[END_REF] , [START_REF] Kilgore | A Transient Vanadium(III) Neopentylidene Complex. Redox Chemistry and Reactivity of the V=CH TBu Functionality[END_REF] The lack of N 2 displacement by tBuCN is consistent with the proposal of V V centers. The same group later showed that N 2 can coordinate a V II complex featuring bulky NacNac and ArO - ligands, leading to two antiferromagnetically coupled V III centers bridged by the reduced end-on N 2 ligand (scheme 25). DFT calculations rationalize the reluctance of the dimer to split N 2 to form the corresponding V-nitride (barrier of > 80 kcal/mol). [START_REF] Tran | A Planar Three-Coordinate Vanadium(II) Complex and the Study of Terminal Vanadium Nitrides from N2: A Kinetic or Thermodynamic Impediment to N-N Bond Cleavage?[END_REF] complex. The alkyne can be displaced by THF, regenerating the starting complex.

Unfortunately, elimination of KNCO by THF is not feasible because of its solubility in this solvent, which precluded development of a catalytic cycle.

Niobium dinitrogen complexes: synthesis, NN bond cleavage and functionalization

The first niobium N 2 complex was obtained in the mid-90s by Gambarotta. The diamagnetic [Nb(NCy 2 ) 3 ] 2 (μ-η 1 :η 1 -N 2 ) complex was obtained through reduction of the Nb IV precursor under N 2 (scheme 27, top). The complex is thermally robust in solution, Floriani reported the use of p-(tBu)-calix [4]arene, "calix", as precursor to tetraanionic O ligand. The reduction of the [(calix)NbCl] 2 dimer by four electron under Ar leads to the formation of [(calix)Nb] 2 Na 2 (THF) 6 which subsequently reacts with N 2 to form the [[(calix)Nb] 2 (μ-η 1 :η 1 -N 2 )] 2-dianion which crystal structure was obtained from diglyme as the ion pair with [Na(diglyme) 2 ] + as counter ion (scheme 29). 106 In this complex, the remarkably long NN bond distance of 1.390(17)Å and the long NbN bond distance (1.748(12) 

Tantalum dinitrogen complexes: synthesis and reactivity

The first tantalum N 2 complex was obtained as early as 1980 by Schrock. [START_REF] Turner | Tantalum Complexes Containing Diimido Bridging Dinitrogen Ligands[END_REF] Reaction with Schwartz reagent Cp 2 ZrHCl was intriguing as neither H nor Cl were found in the final product. A much higher yield of the trimetallic "Ta As shown, reduction of the V III or Nb V and Ta V precursors led to the desired N 2 complexes (scheme 36). 133 , 134 The V dimer is obtained as a paramagnetic [V II , V II ] complex, thermally stable in solution even at 120°C. It features a short NN bond distance of 1.225(2)Å. On the other hand, the Nb and Ta complexes are kinetically unstable in solution depending on the nature of the metal center and the R group of the amidinate ligand. Apart from the Nb complex with R = Me, all other complexes were crystallized and characterized in solution, below 0°C. The NN bond distances higher than 1.300Å (1.300(3)

Å to 1.313(4)Å) in these complexes point to [M IV , M IV ] (M = Nb, Ta)
complexes, and thus a reduced N 2 4-bridging moiety. Interestingly, they evolve of N 2 and NN splitting. Protonation of the anionic imido complex released ammonium.

quantitatively to the diamagnetic [(η 5 -C 5 Me 5 )(N(R 1 )C(R 2 )N(R 1 ))M(μ-N)] 2 complexes ([M V , M V ] dimer). This
The electron acceptor capacity of the PDI ligand appears to be important in the sequence of reactions leading to N 2 functionalization. The same year, Theopold reported the synthesis of [((i-Pr 2 Ph) 2 nacnac)Cr] 2 (µ-η 2 :η 2 -N 2 ) by reduction of the corresponding Cr(II)

precursor. 138 Changing the β-diketiminate ligand by a tris-pyrazolylborate ligand favored the coordination of N 2 in an end-on fashion rather than side on. In these two cases, a significant N-N bond elongation is observed compared to free N 2 (1.249(5) Interestingly, reaction under 90 atm N 2 failed to increase the efficiency, suggesting that a five coordinate "P 4 Cr 0 (N 2 )" complex is a prerequisite for catalysis. Finally, in 2019, the group of Xi proposed a novel Cp-phosphine ligand capable of stabilizing low valent Cr N 2 complexes (neutral Cr I and anionic Cr 0 ) (scheme 42). They showed that even if the NN bond distance is very similar in the Cr I (1.05 -1.17Å) and Cr 0 (1.141Å), the N-N stretching frequencies show much stronger activation for the reduced complexes. The best catalytic efficiency in the N 2 -to-N(SiMe 3 ) 3 reaction was found to be 26.0 eq of NTMS 3 per Cr complex. Mechanistic investigation showed that the hydrazido complex Cr=N-N(SiMe 3 ) 3 could be formed from the anionic Cr 0 complex. Scheme 42

Mo and W complexes

Together with Fe, Mo is most intensively studied in the context of N 2 activation.

This fact takes its origin in their presence in the most common as well as most efficient 

From end-on bridging complexes to NN bond splitting

As exemplified previously, formation of bridging N 2 complexes can result in significant electron transfer from the metal center to N 2 , thereby potentially weakening the bond and favoring its subsequent functionalization. These complexes can be synthesized using two strategies. Firstly, a stable "M-N 2 " complex can be used as a ligand for the second fragment, opening ways to heterobimetallic (or polymetallic) In these end-on bridging complexes, although an activation of N 2 is observed, it is not sufficient to promote the splitting between the two metal centers. This requires the transfer of a total of six electrons into the π* and σ* manifold of N 2 . Cummins and coworkers reported in 1995 that the coordinatively unsaturated Mo This latter complex evolves to the nitrido species at 30°C (½ life of 35 minutes at 30°C), via a zig-zag transition state, required for the electron flow from a π symmetry orbital (in the linear geometry) into the σ symmetry orbital (N-N antibonding, in the zig-zag geometry). 176 In a subsequent article, they showed that both the coordination of N intermediates. These form the basis of the Chatt cycle of catalytic N 2 -to-NH 3 process.

polymetallic complexes [{[N 3 N]Mo(µ-η 1 -η 1 :N=N)} 3 Fe], [{[N 3 N]Mo(µ-η 1 - η 1 :N=N)} 2 VCl(THF)] and [{[N 3 N]Mo(µ-η 1 -η 1 :N=N)} 2 ZrCl 2 ] (
The protonation of complexes featuring dppe classically stopped at the hydrazido(2-) stage (scheme 52), 188,189 , 190,191 ] complex under an N 2 atmosphere. The mechanism of the transformation was evaluated by stepwise electron and proton additions, and several intermediates have been isolated (in black in the scheme). These have been subsequently

shown to perform nearly identically in the catalytic process. [201][202][203][204][205] The corresponding catalytic cycle was later also corroborated by DFT calculations (Scheme 54). [206][207][208][209] Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 67

Scheme 54

Competitive protonation of the amide moiety of the ligand has been shown to be the cause of the limited activity of the catalyst as it leads to catalyst decomposition. Many efforts have been dedicated to catalyst improvement via ligand tuning (sterics and electronics), which were not successful. [210][211][212] The group of Nishibayashi reported in (where R = Ph, i Pr, Ad and Cy) ligand tuning or using the softer As tBu NAs tBu ligand. 214 Only the ligand with the bulky adamantyl moiety allowed a moderate improvement of the catalytic performance, while the others showed a drastic decrease (between 1 and 3 equiv. NH 3 ). 215 A series of Mo-nitrido complexes, postulated intermediates in the reduction process, were then synthesized and tested. 216 The In the catalyzed N 2 to NH 3 reaction, the optimization of the sources of reducing agent and proton has to be done for each complex. In 2019, Nishibayashi has shown for the first time that alcohols or even H 2 O can be used as source of proton if SmI 2 is used as the reducing agent. 221 Under these conditions, several of their previously reported catalytically competent complexes performed much more efficiently. 222 They could even show that starting from a Mo-oxo complex was not detrimental to the reaction as the oxo is transformed into the nitrido upon reduction by SmI 

Group 7 transition metal-dinitrogen complexes

The chemistry of group 7 metals pertaining to N 2 is very limited compared to its direct group 6 and 8 neighbors. Early work has focused on the synthesis of the N 2 complexes via two different strategies, i.e. the classical reduction of the halide precursor and the degradation of benzoyldiazenido complex (scheme 67 CO and Cl -ligands can be displaced from a Re center while keeping the N 2 coordinated, leading to the formation of a picolinate Re-N 2 complex. 245 The dNN at 1.169(4)Å is only marginally elongated from free N 2 (1.0976 Å). Following the known strategy based on benzoyldiazenido decomposition, the same group reported the synthesis of a water soluble Re-N 2 complex, using the 1,3,5-triaza-7-phosphaadamantane as ligand. 246 Chatt showed as early as 1969 that Re-N 2 complexes could be used to synthesize bridged N 2 heterobimetallic complexes. In fact, they proposed such Re-NN-Mo complex as model to understand the function of Mo in nitrogenase enzyme. 247 This strategy was followed in 2006 by Brown to obtain another Re-NN-Mo heterobimetallic complex (scheme 68). 248 The goal was to probe the NN bond cleavage between two different metal centers. They therefore also prepared the corresponding nitrido complexes of both Re and Mo to evaluate the microscopic reverse NN bond forming process.

Scheme 68

Unfortunately, the NN bond cleavage could not be observed under various conditions, including reduction, heating or photolysis, which only led to Re-N 2 complex and/or

Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 84 several unidentified complexes. The N 2 formation from the two nitride complexes did not occur either, but the reaction formed the "(N)Re-N-Mo" µ-nitrido complex instead. The authors conclude that kinetic factors rather than thermodynamic ones govern the stability of the N 2 bimetallic complex.

In 2007 and 2009, Arnold reported the use of an anionic [N 2 P 2 ] -ligand, acting as tridentate ligand, to form the [[N 2 P 2 ]Mn] 2 (μ-η 1 :η 1 -N 2 ) complex, although in poor yield.

The solution magnetic moment (8.7 µ B ), being close to the spin only value for eight unpaired electrons, is consistent two Mn I high spin centers (scheme 69). 249,250 Scheme 69

The In 2019, they reported a modified platform that splits N 2 under photolytic conditions (scheme 71). The corresponding Re V nitrido complex [[PNP]Re(N)Cl 2 ] further reacted with benzoylchloride to form mixtures of PhCONH 2 (30%), PhCN (64%) as well as PhCOOH (64%). This process necessitates the participation of the ligand as a 2e -/2H + donor, forming an imine moiety. A subsequent reaction of this intermediate with hydride then proton sources regenerated the starting complex, closing a four step synthetic cycle.

Finally, an electrochemical process was also presented for this synthetic cycle. 254 Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 86 Scheme 71

Preparation of group 8 transition metal-dinitrogen complexes

The vast majority of group 8 metal dinitrogen complexes are known with Fe.

Thus, this chapter will be presented according to ligand classes instead of metal centers.

A plethora of ligands have been shown to allow the synthesis of group 8 M-N 2 complexes, and most of them contain phosphine ligands. As will be seen below several complexes are efficient in the N 2 reduction processes (N 2 -to-NH 3 and N 2 -to-N(SiMe 3 ) 3 ). Moreover, the significant proportion of hydrazine vs NH 3 suggests that the latter may be generated from the intermediacy of the hydrazine complex. The authors have studied the catalytic functionalization (vide infra). In parallel, they have also evaluated the addition of Si electrophile on the N 2 in the [Fe(dmpe) 2 (N 2 )] and [Fe(depe) 2 (N 2 )] complexes. Thus, addition of TMSCl and a chloride abstractor allowed the first isolation of a silyldiazenido Both the C -and Si -moieties exert a strong trans influence on the coordinated N 2 . With the [SiP R 3 ] -ligand (P R = PPh 2 and PiPr 2 ), the neutral Fe I -N 2 complexes were synthesized (scheme 77). 279,280 The [SiP iPr 3 ] -ligand being more electron rich than the corresponding [SiP Ph 3 ] -one, the NN stretch is logically found at lower energy. In the latter case, addition of excess H + only resulted in the formation of sub-stoichiometric amounts of hydrazine (0.17 equiv.) while the addition of H + and electrons increased the yield up to 0.47 equiv.

Fe

The neutral Fe-N 2 complexes could be further reduced to the anionic Fe 0 -N 2 derivatives. dissociates, which provokes a slow NN bond breaking process, resulting in N-B and N-P bond formation, as well as Fe-bissilylamido generation.

Protonation of the [[SiP

Scheme 79

In 2013, the same group discovered that the anionic Fe complex [[BP 3 ]Fe(N 2 )][Na (12crown-4) 2 ] is a catalyst for the reduction of N 2 into NH 3 . 294 The catalytic performance is very sensitive to the nature of proton source (HBAr F 4 required), reducing agent (KC 8 required) as well as temperature (7.0 equiv. per Fe complex at -78°C). Most notably, the Based on these results Peters presented a catalytic cycle for the N 2 -to-NH 3 transformation using the "[BP 3 ]Fe" system (scheme 80). 297 In 2018, the same group evaluated by DFT 82). 303,304,305,306 If the desired Fe-N 2 complexes could be synthesized, the successes in functionalization was limited. hydrazine. In a subsequent study, they evaluated the effect of the electronics of the pyrrolide ligand on the efficiency of the catalysis. 310 They found out that more electron rich ligand increased the yield of NH 3 by 50% (up to 22.7 equiv for dimethylpyrrolide vs 14.3 for pyrrolide). In light of the facile protonation at the pyrrolide moiety, the same authors modified the ligand structure to incorporate a carbazole ring. 311 However, the corresponding Fe-N 2 complex did not prove efficient (0.5 equiv. NH 3 The use of monodentate phosphines for the stabilization of group 8-dinitrogen complexes has been seldom reported. In fact, phosphine stabilized "Fe 4 " and "Fe 6 " clusters featuring bridging hydrides have been reported to be impressive catalysts in the N 2 to N(SiMe 3 ) 3 transformation (up to 183 equiv. for the "Fe 6 " cluster). 321 It is to be noted however that no intermediate with Fe-N 2 has been observed in these cases. Ruthenium complex [Ru(H) 2 (PCy 3 ) 2 (N 2 ) 2 ] has been used to achieve CH and CO activation under mild conditions, thanks to easy N 2 dissociation. 322

N based ligands

The chemistry of Fe-N 2 complexes with "N based ligands" has been most

extensively studied with two families, the neutral [NNN] and the anionic [NN] -ligands.

The complex acts as a masked unsaturated "Fe( iPr PDI)" fragment in many significant transformations. 4,7-trimethyl-1,4,7-triazacyclononane. 348 The other class of N ligands extensively studied in the frame of N 2 fixation is the anionic

[NN] -ligand β-diketiminate (L tBu,dipp = CH{C(t-Bu)N(2,6-i-Pr 2 C 6 H 3 )} 2 -
), also known as Nacnac ligands. In 2001, Holland reported the reduction of [Fe(L tBu,dipp )Cl] by one electron under N 2 yielded the bimetallic bridging end-on complex [{Fe(L tBu,dipp )} 2 (μ-

η 1 :η 1 -N 2 )] (ν NN =1778 cm -1 )
shown to feature elongated NN bond (1.182(5) Å) (scheme 91). 349 The N 2 ligand is readily displaced in these complexes. 350 In particular, it can be used as precursor for CO 2 reduction into CO. 351 Reduction by two electrons per Fe center to the formal Fe(0) was also achieved, forming the [{Fe 349 In that case, the NN bond distance is elongated to 1.24Å, in the range of N 2 2-moieties. In subsequent studies, ligand electronics and sterics were modulated. With Me in place of t-Bu, similar Fe-N 2 complexes were obtained. 352 When the ligand L Me,Me,dipp = CMe{C(Me)N(2,6-i-Pr 2 C 6 H 3 )} 2 -was used, full N 2 splitting was achieved upon reduction (scheme 92). DFT calculations rationalized the necessity of having both multiple Fe centers as well as K + coordination to allow nitride formation. 353 Scheme 91

(L tBu,dipp )} 2 (μ-η 1 :η 1 -N 2 )]M 2 (M = Na, K) (ν NN =1589 cm -1 , M = K).
The authors further evaluated the effect of counter ion, and showed that with the smaller Na + , a trimetallic complex, with bridging nitrides, is obtained. 354 On the other hand, with
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Cs+, N 2 is not split, and a trinuclear complex with two µ,η 1 ,η 1 -N 2 bridging is formed. 355 Finally, when Mg was used as reducing agent, metastable complexes consistent with the formulation [{Fe(L R,dipp )} 2 (μ-η 1 :η 1 -N 2 )] 2 [Mg(THF) 4 ] were obtained. 356 When 18-crown-6

was added to the tetranuclear Fe complex, K + was sequestered which resulted in NH bond formation and CH bond activation of the ligand backbone, likely via the intermediacy of the anionic nitride complex. 357 Scheme 92

Most significantly, protonation with excess HCl of the tetranuclear Fe bis nitride complex

Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 112 resulted in the formation of 82% of NH 4 Cl. 358 In 2016, an exhaustive protonation study was done, revealing no link between the pKa of the acid and the quantity of ammonia produced. In fact, high yields of ammonia are often found for weak acids, and even with water (96% yield). 359 Stepwise functionalizations of the nitrido moieties by protons and electrons (stepwise or coupled proton/electron transfer) were achieved. Impressively, several intermediates were isolated and/or spectroscopically characterized (scheme 93).

The bridging imido/nitrido (NH/N), amido/nitrido (NH 2 /N), bis amido (NH 2 /NH 2 )

complexes were isolated while anionic imido/nitrido (NH/N), and amido (NH 2 )

complexes were spectroscopically characterized. Despite the fact that the N 2 is fully split with this system, it appears that the reversible reaction is kinetically accessible. Indeed, dissociation of OH -from the complex at high pH. 367

addition

S based ligands

Prior to 2003, the group of Sellmann has studied many polydentate ligands featuring thiolate moieties to develop functional models of nitrogenase. 368 Relevant to the more recent literature is the dianionic

[SNNS] 2-ligand, 1,2-ethanediamine-N,N'- dimethyl-N,N'-bis(2-benzenethiolate) 2-. In 2001, the corresponding [[SNNS]Ru(PiPr 3 )(N 2 )
] terminal Ru II -N 2 complex was synthesized. 369 The [[SNNS]Ru(PiPr 3 )(NH 3 )] complex was later obtained and NH 3 shown to be labile and readily displaced by N 2 at room temperature (scheme 95). 370 The viability of diazene and hydrazine complexes as intermediates in the N 2 reduction upon H + /e -transfers was studied with this metal fragment. Interestingly, reaction with hydrazine resulted in the slow formation of the diazene complex following a dismutation process from the N 2 H 4 intermediate.

Comprehensive In 2017, a bridging Fe II -N 2 complex featuring an anionic thiolate-phosphine [SP] -ligand was reported to act as catalyst in the hydroboration of arenes. 372 The mechanism implies N 2 displacement by the substrate.

C and Si based ligands

In 2010, Sunada reported the synthesis of a dinuclear Fe complex with bridging N 2 . 373 The reaction between [Fe(mesityl) 2 ] and 1,2-bis(dimethyl-silyl)benzene in aromatic solvents yielded [(η 6 -arene)Fe(Me 2 SiC 6 H 4 SiMe 2 )] 2 (μ-η 1 :η 1 -N 2 ) (arene = benzene or toluene). In these complexes, the N 2 ligand is readily displaced by CO, PPh 3 or H 2 .

Carbene ligands have been introduced in group 8-N 2 chemistry rather recently. [Fe(CAAC) 2 (N 2 )] Fe 0 complex (scheme 97). 378 This complex can be reduced at -95°C by KC 8 in the presence of 18-crown-6 to form [Fe(CAAC) 2 (N 2 )][K (18-crown-6)], which features a υ NN stretch at 1850 cm -1 .

Scheme 97

At this temperature, these complexes are catalysts of the NH 3 synthesis (3.3 and 2.6 equiv. respectively) using HBAr F 4 and KC 8 (50 equiv.). The anionic complex was reacted with R 3 SiCl (R = Me, Et), and the diazenido [(CAAC) 2 Fe(N 2 SiR 3 )] isolated. The [Fe(CAAC) 2 (N 2 )] complex proved to be a competent catalyst for the formation of N(SiMe 3 ) 3 (24.4 equiv. for a reaction with 600 equiv. of SiMe 3 Cl and KC 8 , room temp).
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Finally, dinitrogen complexes of Fe 0 , Fe I and Fe II have been reported by Deng, with a bulky NHC supporting ligand (ICy) (scheme 98). 379 Thus, reduction of the [Fe(ICy) 3 (N 2 )] + complex by KC 8 at very low temperature (from -118°C to -80°C) yielded the expected [Fe(ICy) 3 (N 2 )] Fe 0 complex. They feature a strong υ NN stretch at 1967 cm -1 and two υ NN stretches at 1853 and 1841 cm -1 respectively. In solution, the Fe 0 complex is in equilibrium with the Fe II -hydride-dinitrogen complex that results from CH bond insertion into the Cy moiety of the ligand. complexes in which N 2 is bound to Co (scheme 103). Depending on the nature of the substituents at P and N, the Na + cation remains coordinated to either N 2 or the X-M fragment. Co and Zr K-edge XANES data indicates that the reduced ZrCoN 2 derivatives are best described as Zr IV Co -I . 389 The Thomas group utilized the [(MesNPiPr 2 ) 3 ZrCoN 2 ] complex in a range of stoichiometric and catalytic transformations, 390,391,392,393,394,395,396 all involving the Zr center, but did not report successful N 2 functionalization.

In 2015, successful synthesis of the related TiCoN 2 complex could be achieved with less sterically demanding ligand RNPiPr 2 (R= 3,5-dimethylphenyl). In this case, the N 2 is so weakly bound to Co that it readily dissociates under vacuum or under Ar. This is corroborated by the high ν N2 stretch at 2084 cm -1 (compared to 2045 cm -1 for the Zr analogue) showing much poorer back donation from Co, linked to increased donation toward the more Lewis acidic center Ti. 397 Most interestingly, the "TiCoN 2 " complex catalyzes the disproportionation of hydrazine into NH 3 and N 2 . Unfortunately, the complexes are decomposed in the presence of excess NH 3 which limits the catalyst efficiency. 

Rh complexes

As will be seen below, no Rh and Ir complexes are known for N 2 functionalization, either in a stoichiometric or catalytic way. They thus differ markedly from Co complexes for which N-H and N-Si bond formations have been reported.

P and N containing neutral ligands

Even if the first crystal structure of a Rh-N (scheme 128). 461 Alternatively, the complex can be obtained by the KC 8 reduction. This complex, featuring two Ni centers in T shaped geometry, is a triplet of spin consistent with two uncoupled Ni I ions. Most interestingly, upon further reductions by KC 8 , both the mono and di-reduced complexes could be isolated and characterized. In these complexes, the K + cations coordinate the aryl groups as well as the N 2 ligand in a side on fashion. Xray structure analyses of the "Ni 2 N 2 ", "Ni 2 N 2 K" and "Ni 2 N 2 K 2 " complexes evidenced stepwise reduction of the N 2 fragment (NN bond distances of 1.120( 4), 1.143( 8) and 1.185(8)Å respectively) also corroborated by the systematic decrease of the N-N stretching frequencies from 2164 to 1825 to 1696 cm -1 respectively. The same group reported the reduction of the "Ni 2 N 2 ", "Ni 2 N 2 K" complexes by Na instead of KC 8 to form the related "Ni 2 N 2 Na 2 " and "Ni 2 N 2 KNa" complexes. A similar side on coordination of N 2

to Na was also evidenced. 462 Despite a formal reduction of the N 2 fragment in the Ni (0) complexes, it is readily displaced by CO. The complex also reacts with extremely inert SF 6 gas first via redox process followed by S-F bond breaking. 

Group 11 transition metal-dinitrogen complexes

The first Cu complex of N 2 was isolated as recently as 2014 by the group of Murray. They carefully designed a macrocyclic tris(β-diketimine) ligand which upon deprotonation favors coordination of three Cu I centers as well as a N 2 molecule, making a "Cu 3 N 2 3+ " central core (scheme 129). 465 In the crystal structure, the position of N 2 is disordered with a major component (75%) presenting a μ-η 1 :η 2 :η 1 -N 2 coordination and a distance of 1.0956(1) Å. In the minor component (25%) the N 2 ligand presents only η1 coordination mode with the two N atoms acting as μ 1,1 and μ 1,2 bridging respectively. The NN stretching frequency in the Raman spectrum is found at 1952 cm -1 , pointing a relatively activated N 2 fragment. DFT calculations on truncated models reveal that subtle changes in the ligand have a large influence on the activation of N 2 in this environment.

If the reaction is done with CuCl instead of CuOTf, the complex featuring a µ Chen and coworkers studied the in situ generated formamidinate ligands coordination to

Cu II acetate under solvothermal conditions (scheme 130). 468 The ligand (N,N′bis(pyridine-n-ylmethyl)formamidinate), made from either 3 or 4-aminomethylpyridine, acts as building block for coordination polymers together with N 2. Presence of N 2 was evidenced by the differences in the IR spectra obtained using 14 N 2 and 15 N 2 gases. The NN stretching frequency at 1575 cm -1 is consistent with a N 2 -moiety.

Scheme 130
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There has been no report of molecular N 2 complexes of Ag and Au since 2003.

Conclusion and perspectives

It is quite obvious in light of the large body of works presented in this review that tremendous progresses have been made in the coordination chemistry of N 2 since 2003.

In fact, the domain goes far beyond simple coordination of N 2 to metal fragments. It is well understood that functionalization of N 2 requires "activation", i.e. electron transfer from the metal center to N 2 . It has been a standard practice to evaluate such activation, or degree of N-N bond order reduction, by comparing crystallographically determined NN bond distance in a complex with the one of free N 2 . As we now know a vast number of metal complexes of N 2 , it appears that the NN bond distance is neither useful in terms of predicting complex stability, reactivity at N 2 , nor helpful to assign oxidation state at metal within bimetallic complexes.

In terms of N 2 coordination, activation and functionalization, three cases can be put forward.

First, activation of N 2 between two metals is classically observed with metallic fragments featuring metal centers in low oxidation state. Multiple electron transfers from the metals to N 2 result in reduction to formal N 2 x-moiety. It would seem enough to transfer two electrons to N 2 to enhance nucleophilicity at N and enable functionalization under mild conditions. A representative example is given by recent work of Xi and

Zhang. Indeed functionalization of a "Sc 2 N 2 " complex, featuring N 2 2-fragment, was not observed, while the one additional electron complex, featuring the reduced N 

1. 31 Å

 31 (compare to N=N bond of trans-diazene 1.247Å). These complexes thus feature a NN double bond.As mentioned above Evans initially observed the formation of the one electronreduced derivatives [K(thf) 6 ][{(2,6-tBu 2 C 6 H 3 O) 2 (thf)Dy} 2 (μ-η 2 :η 2 -N 2 )] and [{(2thf)] as byproducts. It was however a very significant discovery and the N-N bond distance of 1.40Å, as well as EPR and Raman characterization showed that the N 2 2moiety could be further reduced to the trianionic radical hydrazido(3-) ligand,

  ligands featuring phosphine and amido donors. The reduction of the [(PNP)ZrCl 3 ] under N 2 provided the first Zr side-on coordinated [{(PNP)ZrCl} 2 (μ-η 2 :η 2 -N 2 )] complex, featuring an activated N 2 unit, as shown by the very long N-N bond of 1.548(7)Å (Scheme 14).[START_REF] Fryzuk | Reduction of Dinitrogen by a Zirconium Phosphine Complex To Form a Side-On-Bridging N2 Ligand. Crystal Structure of {[(PrI2PCH2SiMe2)2N]ZrCl}2(μ-Η2:Η2-N2)[END_REF] This discovery was the starting point of their extensive work dealing with
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  , the bridging N 2 ligand can be installed upon reduction of a metalhalogen bond. The first strategy was reported as early as 1975 using [Re(Cl)(PMe 2 Ph) 4 (N 2 )] as a "ligand" for Mo IV to form the N 2 bridging dimer [ReCl(PMe 2 Ph) 4 (µ-N 2 )MoCl 4 (MeOH)].167 From 1997, Schrock used the "[N 3 N]Mo-N=N -" anion of [[N 3 N]Mo-N=N-Mg(THF) 2 ] as an X type ligand to generate the hetero-

  III complex [Mo(N(R)Ar) 3 ] (R = C(CD 3 ) 2 CH 3 , Ar = 3,5-Me 2 -C 6 H 3 ) reacts with N 2 to eventually form the terminal nitrido complex [Mo(N)(N(R)Ar) 3 ].175 Impressively, all the intermediates of the process have been observed. Thus, the [Mo(N(R)Ar) 3 ] complex forms first a monometallic complex at -35°C, which dimerizes to [Mo(N(R)Ar) 3 ](µ-N 2 ) (scheme 46).
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  Scheme 70Schneider's group then studied the functionalization of the nitrido complex.252,253 They

  Scheme 78 

  Scheme 80The group of Lu has introduced in 2011 a trisphosphino-(triamido)amine [NN 3 P 3 ] 3- ligand capable to enforce M-M' interaction. Coordination of "Altraphos" to Fe II followed by reduction under N 2 allowed the synthesis of Fe 0 -N 2 complex [[NN 3 P 3 ]AlFe(N 2 )], in equilibrium with its dimeric form via N 2 bridging (scheme 81).301 One electron reduction

  neutral[NNN] pyridine-diimine (PDI) ligands have been reported to stabilize Fe-N 2 by Chirik in 2004. Thus, reduction of the [Fe( iPr PDI)X 2 ] ( iPr PDI= 2,6-{MeC=N(2,6-i-Pr 2 C 6 H 3 )} 2 C 5 H 3 N) under N 2 resultedin the formation of the highly unusual paramagnetic formally Fe 0 bis-N 2 complex [Fe( iPr PDI)(N 2 ) 2 ] (scheme 89).323 The complex crystallized as distorted square based pyramid, and present minimal activation of the N 2 ligands (by NN bond distance measurement, 1.090(2)Å and 1.104(3)Å and position of the NN stretching bands in IR, at 2122 and 2058 cm -1 ) by the d 8 Fe center. Subsequent combined spectroscopic, structural, and computational studies have resulted in a comprehensive electronic structure of the complex, involving reduction of the PDI ligand to a dianionic [PDI] 2-fragment complexed to an intermediate spin ferrous ion, Fe II .324 In terms of reactivity, the two N 2 ligands are readily displaced and the [Fe( iPr PDI)(N 2 ) 2 ]

  Scheme 93In 2015, Murray developed a tris-β-diketiminate, linked via aromatic rings.361 This ligand favored trimetallic Fe II complex formation. Subsequent reduction by six electrons under

  Scheme 95In 2015, Holland designed a bis-thiolate ligand [SArS] 2-which offers only S and C coordination sites.371 Reduction of the [[SArS]Fe(THF) 2 ] complex by two electrons at

  Whittlesey, MacGregor and Pregosin reported in 2009 the [Ru(NHC) 4 (H)(N 2 )]BArF 4 complexes (NHC = IiPr 2 Me 2 , and IEt 2 Me 2 ) with hydride and N 2 ligands in trans position.374 The N 2 ligand is weakly coordinated and here also readily displaced by CO.In the reaction between [(p-cymene)Ru(μ-Cl) 3 RuCl(C 2 H 4 )(IMes)] and N 2 O, Severin observed the formation of [(p-cymene)Ru(μ-Cl) 3 RuCl(N 2 )(IMes)] which gradually disappeared to the benefit of a complex featuring a µ-alkoxy ligand derived from of the o-Me group of the IMes ligand.375 The coordination of Picolyl-NHC (Py-NHC) ligands at Fe and Ru has been studied by the groups of Puerta, Valerga and Song. A weak coordination of N 2 was observed at the "M(Py-NHC)(X) + " cationic fragment (M = Fe, Ru, X = Cp*; 376 M = Ru, X = Tp 377 ). In 2015, Peters reported that the two coordinate [Fe(CAAC) 2 ] does only bind N 2 at low temperature (<-80°C) to form the

  Scheme 98 

8 .

 8 Scheme 121

  with the strong electrophile MeOTf. Accordingly, most significant achievements have been witnessed with formal N 24-fragment stabilized by group 4 metals by the page 153 groups of Fryzuk and Chirik. In particular, reactivity with H 2 , silanes (Si-H), boranes (B-H) and CO have allowed N-E (E = H, Si, B, C) bond formation under neutral conditions. A second case is found when enough electrons are found at metal centers to favor a six-electron transfer to π* and σ* orbitals of N 2 . This transfer, also implying appropriate orbital symmetry overlap, results in N≡N bond splitting and nitride (bridging or terminal) formation. Bridging nitrides are obtained for example from a Ti 3 hydride cluster or from two group 5 "M II (amidinate)(Cp*)" fragments, or from two "Fe 0 (Nacnac)" fragments, while terminal nitride was first obtained by Cummins using a "Mo III (amide) 3 " fragment. Subsequent functionalization of the terminal nitride has led to stoichiometric synthesis of N derivatives (nitriles by Cummins and Schneider, silylamine by Sita, silylamine and borylamine by Mézailles, cyanate by Kawaguchi). The third case concerns mid to late transition metals, for which terminal M-N 2 are classical, sometimes needing that bulky ligands are used to prevent end-on bridging dimer formation. In that case, functionalization of N 2 requires significant nucleophilic or basic character of the terminal N center, and competition with alkylation/protonation at the metal center can be a major issue. Seminal works by Chatt and Hidai in the seventies illustrate favorable reactivity at N for group 6 M 0 centers, while many other M-N 2 metal complexes require reduction (by one or two electrons) prior to functionalization (works of Schrock, Peters to achieve NH bond formation, or Nishibayashi, Peters, Lu, Fryzuk and Masuda for N-Si bond formation). Notably, these principles of N 2 activation/functionalization have been extended most recently to main group metals. Braunschweig reported in 2018 that the generation of an electron rich borylene fragment allowed the first trapping of N 2 between two B and in 2019 the coupling between two N 2 molecules. 470 Subsequent protonation created two NH bonds. In 2019, Berben showed that controlled potential electrolysis (-1.16V vs SCE in THF) of a cationic Al III complex under N 2 , in the presence of a proton source yielded 21% of NH 3 . 471 Although no N 2 complex was observed, isotope labelling demonstrated it to be the source of NH 3 . The studies dealing with stoichiometric functionalization of N 2 have allowed the development of the two known catalytic reductions of N 2 : the N 2 -to-N(SiMe 3 ) 3 and the N 2 -to-NH 3 processes. Hidai reported in 1989 that a Mo 0 complex is a competent catalyst 20) for the N 2 -to-N(SiMe 3 ) 3 reaction, and catalysts based on Mo (Nishibayashi), Co (Lu, Masuda and Fryzuk) and Fe (Ashley) have been reported in the last decade to achieve TONs of ca 200, 200 and 120 respectively. This process is proposed to involve SiMe 3 radicals. Several complexes that are catalytic intermediates (hydrazido, nitrido, imido) have been isolated from stepwise functionalization of Mo-N 2 by Mézailles. Schrock reported the first catalyzed N 2 -to-NH 3 process in 2003, using a trisamidoamine Mo complex, and characterized many catalytic intermediates. Nishibayashi has presented several Mo complexes, among which a Mo-nitride, with improved efficiency and TONs (up to ca 400 equiv. NH 3 ). In 2019, this group reported the use of SmI 2 as reductant in combination with protic solvents, leading to unprecedented efficiency (91%), TON of 4350 equiv. of NH 3 (from 14400 equiv. SmI 2 and H 2 O) and turnover frequency of 117 min -1 . Among the other metals active in this catalysis, Fe occupies an important place. Several catalysts have been developed by the groups of Peters and Nishibayashi. Most importantly, detailed mechanistic investigations have been carried out by Peters allowing characterization of many intermediates in N-H bond formation especially for their [BP 3 ]Fe system. Moreover, this group has recently demonstrated improved performance at lower driving force (i.e. use of [Ph 2 NH 2 ]OTf/Cp* 2 Co couple vsHBAr F 4 /KC 8 ), which highlights the importance of optimizing the proton source/reductant couple. In terms of mechanism, in addition to stepwise electron transfer (ET)-proton transfer (PT) or PT-ET pathways, PCET steps have been discussed in the past years. To the catalytic systems involving these two metals, one needs to add the first examples of Ti by Liddle, V by Nishibayashi, Ru and Os by Peters, and Co by Peters and Nishibayashi in the past six years. These result demonstrate that catalysis for N 2

  The authors suggest that the cooperative combination of Ti and Mg for the six electron reduction of N 2 . Subsequent hydrolysis produced near quantitative amounts of NH 3 , whereas treatment with D 2 and PtBu 3 /BCF (6 equiv.) formed 0.29 equiv. of ND 3 .As an alternative strategy to activate and functionalize N 2 , Hou and coworkers reacted the mixed valent Ti III /Ti IV bridging hydride trimetallic complex [{(η 5 -C 5 Me 4 SiMe 3 )Ti} 3 (μ 3 -H)(μ 2 -H) 6 ] with N 2 . Several intermediates along the path of N 2 funtionalization were
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	Scheme 13	
		3 -nitrido complex
	[{Mg(TrenTMS)} 2 {(µ 3 -N) 2 (Ti) 2 }] in 20% yield. Major ligand rearrangement is observed

during this reaction. It is interesting to note that N 2 is reduced to the N

3-

state in this case, whereas it was reduced to N 2 4-with KC 8 , despite Mg (E°= -2.37 V) being a weaker page 19 reducing agent compared to K (E°= -2.92 V). characterized, proving the NH bond formation from both bridging nitride and hydride (Scheme 13, top). 60 In 2016, the same group reported the synthesis of a mixed amide/nitride tetranuclear Ti complex as well as the subsequent functionalization of the four N atoms with a variety of acid chlorides (alkyl and aryl) to yield nitrile derivatives in good to excellent yields (60 to 84%) (Scheme 13, middle). 61 Hydrogenolysis of a (PNP)Ti(CH 2 SiMe 3 ) 2 Ti III complex under a mixture of H 2 /N 2 afforded the binuclear {[(PNP)Ti] 2 (μ 2 ,η 1 ,η 2 -N 2 )(μ-H) 2 } complex (Scheme 13, bottom). Subsequent hydrogenation under mild conditions (1 atm, 60°C), allowed N-H bond formation and NN bond splitting, 62 a reactivity observed previously by Fryzuk et al. at Zr (vide infra).

  while the addition of Si-H bond formed the related [{(P 2 N 2 )Zr} 2 (μη 2 :η 2 -N 2 SiH 2 Bu)(μ-H)]. Most notably, the NH bond formation was the first case of hydrogenation of coordinated N 2 .
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	Scheme 14
	Because side-on coordination of N 2 in these complexes appeared key to its reactivity, the
	group of Chirik studied the effect of substitution pattern of Cp ligands in zirconocene and
	hafnocene complexes of N 2 . Sodium amalgam reduction of [(η 5 -C 5 Me 4 H) 2 ZrCl 2 ] under
	N 2 furnished the [{(η 5 -C 5 Me 4 H) 2 Zr} 2 (μ-η 2 :η 2 -N 2 )] with side-on coordination (featuring
	N 2	4-moiety) (scheme 15

[START_REF] Fryzuk | Transformation of Coordinated Dinitrogen by Reaction with Dihydrogen and Primary Silanes[END_REF] 

CN bond formation was also demonstrated through alkyne addition. The reaction involves a [2+2] cycloaddition between Zr-N and the C≡C bond, followed by protonation of the Zr-C bond by the terminal alkyne.

[START_REF] Morello | Carbon-Nitrogen Bond Formation via the Reaction of Terminal Alkynes with a Dinuclear Side-on Dinitrogen Complex[END_REF] 

  [START_REF] Bernskoetter | N 2 Hydrogenation Promoted by a Side-on Bound Hafnocene Dinitrogen Complex[END_REF] 

  Zr IV precursor (scheme 17). Reduction under Ar leads to η 5 :η4 
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	reduction of the	

  Magnetic susceptibility on the other hand supports two formal V II centers, and thus marginally reduced N 2 ligand, also in accord with facile displacement by pyridine.[START_REF] Edema | Divalent Vanadium and Dinitrogen Fixation: The Preparation and X-Ray Structure of (μ-N2){[(o-Me2NCH2)C6H4]2V(Py)}2(THF)2[END_REF] This example already points that in group 5, as in all other groups, the elongation of the NN bond distance compared to free N 2 is a poor indicator of NN bond reduction upon coordination, as well as a poor guide for N functionalization.

	page 30
	end-on bridging N 2 ligand, for which a NN bond distance of 1.228(4)Å was measured
	suggesting a reduced N 2 2-ligand. Three years later, in 1992, Rehder reported the V anionic analogue
	[V(dppe) 2 (N 2 )

It was obtained from the reaction between trans-(TMEDA) 2 VCl 2 with two equivalents of an anionic ligand [o-(CH 3 ) 2 NCH 2 )C 6 H 4 ]Li under N 2 . The bimetallic complex featured an 2 ][Na(THF)] of the extensively studied [Mo(dppe) 2 (N 2 ) 2 ], synthesized in 1969. This complex is a rare example featuring a terminal end-on N 2 ligand at group 5 metals. It is obtained by reduction of VCl 3 with Na sand in the presence of dppe, under N 2 .

  bridging nitride, an imide resulting from N functionalization by B, as well as a bridging imide resulting from ligand rearrangement.125 Reaction with DIBAL (diisobutylaluminum hydride) also results in ligand rearrangement. One of the amide arm coordinates the Al center in the final complex, which features two bridging nitrides.126 BuSiH 3 is reacted, the elimination of H 2 is seen, which results in NN bond splitting and subsequent functionalization of the intermediate bridging nitride. Finally, a second equivalent of H 2 is released to form the bis silylimide bridging complex.128 

	page 42 the Ta V alkylidene [Ta(PMe 3 ) 2 (Me 3 CCH)Cl 3 ] by Na/Hg under N 2 in the presence of Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 43 Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 44 Authors N. Mézailles / N 2 Authors N. Mézailles / N 2 complex features a Comprehensive Coordination Chemistry page 45 Comprehensive Coordination Chemistry page 46
	additional PMe 3 yielded the [Ta(PMe 3 ) 2 ((CH 3 ) 3 CCH 2 )Cl] 2 (μ-η 1 :η 1 -N 2 ). Presence of
	bridging N 2 was confirmed by reaction with HCl and acetone. Furthermore, alkylation of
	this complex with RLi (R = Np or Me) formed the corresponding
	[Ta(PMe 3 ) 2 ((CH 3 ) 3 CCH 2 )R] 2 (μ-η 1 :η 1 -N 2 ) complexes, and crystal structure was obtained
	for R = Np). Diamagnetism, long NN bond (1.298(12)Å), relatively short TaN bond
	(1.840 av.) support the Ta=N-N=Ta structure with two Ta V centers and N 2	4-bridge. 117 A
	related bimetallic Ta III (μ-η 1 :η 1 -N 2 ) complex is obtained by the reduction of
	[Ta(C 2 H 4 )(PMe 3 ) 3 Cl 3 ] under N 2 . 117	
	In 1998, as stated by Fryzuk, they "serendipitously discovered a simple way to prepare a
	new dinitrogen complex". 118 It relied on the reaction of the bimetallic Ta IV ,Ta IV bridging
	tetrahydride complex [[NP Ph N]Ta] 2 (μ-H) 4 with N 2 , which readily eliminated H 2 to yield
	the formal Ta V ,Ta V end-on, side-on bridged N 2 complex [[NP Ph N]Ta] 2 (μ-η 1 :η 2 -N 2 )(μ-H) 2
	(scheme 33). 113 , 119 This complex is remarkable because of the strongly elongated NN
	bond (1.319(6)Å) as well as by the end-on, side-on coordination, which disymmetrizes
	the NN fragment. In 2015, the same group developed a similar complex with the [NP Cy N]
	ligand. 120 A wealth of reactivity has been discovered with this complex. 121 , Focusing on Scheme 33
	the reactivity of the bridging NN, the nucleophilic character of the "terminal" N is The complex also reacts with several E-H bonds (B-H, Si-H, Al-H) to form N-E and Ta-
	evidenced first by reaction with electrophiles such as PhCH 2 Br 113 or X=C=X' ( X, X' = S H bonds as initial steps, followed in general by H 2 elimination. This elimination is
	or NPh). 122 necessary for NN bond cleavage and subsequent functionalization, as it provides the
	required additional two electrons. 123 In the case of boranes R 2 BH (9-BBN = 9-Scheme 34
	borobicyclononane, Cy 2 BH, HB(C 6 F 5 ) 2 ) or RBH 2 (thexylborane = H 2 BCMe 2 CHMe 2 ),
		Reduction of

several cases were observed (scheme 34).

124 

In the case of 9-BBN the final bimetallic Ta Reaction with silanes were also very interesting.

127 

,

128 

The complexes resulting from the first Si-H bond addition across the TaN bond could be isolated. When an excess of

  scheme 44, top). 168 , 169 At the same time, the [W(PMe 2 Ph) 4 (N 2 )

	Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 Scheme 44 Schrock and coworkers also studied the activation of N 2 at high valent W and Mo page 57 complexes. Reduction of [W(Cp*)(Me) 3 (OTf)] by one electron yields the bridging end-on N 2 W complexes [W(Cp*)(Me) 3 ] 2 (µ-N 2 ), in which the NN Bond distance of ca 1.27Å is consistent with a N 2 2-moiety. 172 Functionalization of N 2 by acid was attempted but reactivity at M-CH 3 was only observed. The analogous homo-bimetallic [Mo(Cp*)(Me) 3 ] 2 (µ-N 2 ) and hetero-bimetallic [W(Cp')(Me) 3 ](µ-N 2 )[Mo(Cp*)(Me) 3 ] Authors N. Mézailles / N 2 page 58 end-on complexes were obtained in excellent yields (scheme 45). 174 were made. Comprehensive Coordination Chemistry Scheme 45

2 ] complex was used by Hidai to synthesize the several examples of W-N 2 -M (M = group 4 or 13 metal) complexes that result formally from the addition of M-Cl across the W-N 2 moiety (scheme 44, bottom), a reactivity reminiscent to other R-X additions (vide infra). 170 , 171 173 Sita and co-workers studied the reduction under N 2 of related Mo IV , Mo V and W V complexes featuring Cp* and amidinate (or guanidinate) ligands in 2010. The bridging

  2 and Protonation of the anionic nitrido complex did not yield the expected parent imido species but provide a rare example of a bridging H between Mo and P.

	Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 the splitting can be accelerated by addition of reducing agent. 177 Functionalization of the page 59 page 60 Authors N. Mézailles / N 2 page 61 Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 62 Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 63 (scheme 47). 179 Comprehensive Coordination Chemistry complex). 186 Chatt has demonstrated that the sequence of N 2 reduction involves diazenido
	nitride moiety was then demonstrated (vide infra). Scheme 48 (MNNH), hydrazido( 2-) (MNNH 2 ), hydrazinium (MNNH 3	+ ) 187 and nitrido (MN)
	Sita and co-workers reported in 2015 the photochemical N 2 splitting form
	[M(Cp*)(N(iPr)C(CH 3 )N(iPr))] 2 (μ-N 2 ) (M = Mo, W) complexes. In the case of Mo, a
	mixture Scheme 50	of	bridging	nitrido	complexes,	the	Mo V -Mo V
	[Mo(Cp*)(N(iPr)C(CH 3 )N(iPr))] 2 (μ-N) In 2017, Schneider and co-workers reported the reduction of [Mo(PNP)Cl 3 ] complex and the Mo III -Mo IV
	[Mo(Cp*)(N(iPr)C(CH 3 )N(iPr))(μ-N)] 2 complexes was obtained (scheme 49). 182 In the (PNP=N(CH 2 CH 2 PtBu 2 ) 2 ) by two electrons (Na/Hg) to form the thermally stable bridged
	case dimer [Mo(PNP)] 2 (μ-N 2 ) in 70% yield (Scheme 51). 185 Double protonation at the amido of W, the reaction is slower but cleaner, forming the
	Scheme 46						
	This seminal study prompted several groups to search for conditions that favored N 2
	splitting. In 2001, Floriani and co-workers reported the synthesis of [Mo(Mes) 3 ] 2 (µ-N 2 )
	by the reaction between MoCl 4 .DME and MesMgBr under N 2 . Although this complex is
	thermally stable, irradiation with UV light results in N 2 splitting, leading to the mixed Scheme 51
	valent nitrido dimer [{Mo(Mes) 3 }(µ-N)]. The authors propose that the intermediate
	terminal nitrido complex is formed and reacts with the starting complex [Mo(Mes) 3 ] 2 (µ-Scheme 49 4.4 Stoichiometric reactions of M-N 2
	N 2 ) to generate a tetra Mo complex which breaks apart by N 2 elimination. 178 Also in 2016, Mézailles and co-workers studied the two electron reduction of the It is important here to recall the seminal reports by Chatt and co-workers in the
	In 2012, Schrock and co-workers synthesized the [Mo[PCP](N)(I)] -complex by the two [Mo(P Cy P Ph P Cy )(Cl) 3 ] complex in the presence of NaI. The nitrido complex early 1970s who studied the protonation at Mo and W coordinated dinitrogen. They
	electron reduction of the [Mo[PCP](I) 2 ] pincer complex ([PCP] = C 6 H 3 -1,3-[OP(t-Bu) 2 ] 2 ) [Mo(P Cy P Ph P Cy )(N)(I)] is formed in good 60% yield (80% NMR) (Scheme 50) via the showed that protonation of the N 2 ligand occurs in a stepwise manner, accompanied by
	proposed splitting of N 2 between two equivalents of the unobserved unsaturated Mo I
	intermediate. 184					

Scheme 47

In 2014, the group of Nishibayashi has used the depf, diethylphosphinoferrocene, ligand, in conjunction to the bulky Cp* ligand to study the activation of end-on bridging N 2 Mo complex depending on the oxidation state at the metal. 180 , 181 Irradiation of the neutral complex resulted in the NN splitting giving the Mo IV nitride complex, although in low yield, which oxidation allowed NN reformation (scheme 48).

[W(Cp*)(N(iPr)C(CH 3 )N(iPr))(μ-N)] 2 complex. In 2016, they showed that decreasing the steric crowding at the amidinate ligand (Me instead of iPr) allowed the thermal N 2 splitting process forming the bridging nitrido complexes in excellent isolated yields (Mo = 80%; W = 77%), opening ways for further functionalization (vide infra).

183 

N centers of the ligands triggered the N 2 cleavage, and the [Mo(PN H P)(N)(Cl)] + X -(X = OTf, BAr F 4 ) complex was obtained in 80% yield. The mechanism of the proton induced N 2 splitting was probed experimentally and by DFT calculations, and linked to changes in ground state multiplicity between the neutral, protonated and doubly protonated complexes.

electron transfer from the metal center. Protonation with H 2 SO 4 in MeOH provided the best results (90% of NH 3 for the [W(PMePh 2 ) 4 (N 2 ) 2 ] complex vs 36% for the Mo

5 N 2 -to-NH 3 Catalytic Transformation

  and further functionalization of the M=N-NH 2 proved very rewarding (vide infra). The protonation of the complexes by inorganic acids to release PMe 2 Ph) 4 (N 2 ) 2 ] complex, the reaction leads to NH 3 formation (55% yield) (Scheme 53, top).196 No reaction was observed with the analogous Mo complexes, in which the terminal N center is less basic. Hidai further extended this concept to the use of PMe 2 Ph) 4 (N 2 ) 2 ] and 10 equiv. of [(CpMo) 2 (µ-S 2 CH 2 )(µ-S)(µ-SH)][OTf] under H 2 produced ammonia in 38% yield. Starting from the corresponding hydrazido(2-) complex near quantitative yield of NH 3 is formed. With the dppe analogue, the hydrazido(2-) complex Mo=NNH 2 + is observed as the final species.197 Subsequent work was dedicated to changing the bridging hydrosulfido complexes(Mo, Ru, Rh and Ir) as proton donors, with the Ir complex being the most efficient (78% yield of NH 3 per W).

	NH 4 Comprehensive Coordination Chemistry + or N 2 H 5 + is now used as a benchmark reaction. Authors N. Mézailles / N 2 Scheme 52 Functionalization of coordinated N 2 with H Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 between cis-[W(In 2003, Yandulov and Schrock reported the first catalytic N 2 reduction to NH 3 involving page 64 page 65 well-defined molecular complex. 200 The Mo III precursor features a sterically highly demanding ligand [HIPTN 3 N] ([HIPTN 3 N] = {3,5-(2,4,6-Authors N. Mézailles / N 2 page 66 optimization of the nature of the proton source and reducing agent was done, resulting in the use of sparingly soluble in heptane [LutH][BAr F 4 ] proton source, and decamethylcobaltocene Cp* 2 Co (Cp* = η 5 -C 5 Me 5 ) as reducing agent. Moreover, slow addition (via syringe pump) of the reducing agent was used to reduce the amount of H 2 formed. Under optimized conditions (48 equiv. of [LutH][BAr F 4 ] and 36 equiv. of Cp* 2 Co) ca 8 equiv of NH 3 (ca 65% efficiency) were obtained per equiv. of iPr 3 C 6 H 2 ) Comprehensive Coordination Chemistry [[HIPTN 3 N]Mo(N 2 )

Starting from 2012, Mock and Bullock have studied the influence of a N moiety as pendant ligand in bidentate phosphine ligands in the outcome of the protonation of the corresponding

 bottom). 192 , 193 , 194 

These studies highlighted the strong influence of electronics and sterics of the ligand on the site of protonation and the eventual efficiency of NH 4 + production. In addition, they found out that poor yields of ammonia were indirectly correlated to the stability of the hydrazido Mo=N-NH 2 complexes, showing that external source of electron is likely required to achieve further conversion of the hydrazido moiety. 2 was also envisaged. The bis dinitrogen complexes of Mo and W being stable toward H 2 , the groups of Morris and Hidai relied on the acidic character of coordinated H 2 in [Ru(Cp)(PP)(H 2 )] 195 and [Ru(dppp)(Cl)(η 2 -H 2 )]X respectively to efficiently protonate trans-[W(dppe) 2 (N 2 ) 2 ] 196 to form the corresponding hydrazido(2-) derivative. Starting with the cis-[W(hydrosulfido complexes as sources of proton, which mimic the postulated mode of action of enzymes. These can be used directly or generated in situ from H 2 . Thus, reaction 198 Scheme 53 In 2017, Sivasankar used a frustrated Lewis Pair to activate H 2 into the corresponding pyridinium borohydride and efficiently doubly protonate terminal N 2 of trans-[W(dppe) 2 (N 2 ) 2 ] to form the trans-[(H)W(dppe) 2 (N 2 H 2 )][HB(C 6 F 5 ) 3 ] complex (Scheme 53, bottom). 199 4.2 C 6 H 3 )NCH 2 CH 2 } 3 N] 3-), crucial as it prevents formation of bimetallic Mo-N 2 -Mo complex as well as provides good solubility in nonpolar solvents. A careful

  tBu NP tBu ]Mo(N 2 ) 2 ] 2 (µ-N 2 ) (with [P tBu NP tBu ]= 2,6-bis[(di-tert- butylphosphino)methyl] pyridine) bearing a less basic neutral tridentate ligand scaffold which led to improved yields (Scheme 55). Under optimized conditions (288 equiv.[LutH][OTf] as poorly soluble proton source, 216 equiv. CoCp 2 as reducing agent under slow addition, 1 atm N 2 ), a maximum of 23 equiv. of ammonia were obtained.154 The presence of both the bridging and terminal N 2 moieties is crucial for the catalytic process as the related complexes[[P tBu NP tBu ]Mo(CO) 2 ] 2 (µ-N 2 ) or [[P tBu NP tBu ]Mo(PMe 2 Ph)(N 2 ) 2 ] ,did only provide 0.4 and 0.2 equiv. of NH 3 under the same experimental conditions, whereas [[P tBu NP tBu ]MoCl 2 ] 2 (µ-N 2 ) and [[P tBu NP tBu ]W(PMe 2 Ph)(N 2 ) 2 ] did not give any NH 3 . 213 , 157 In subsequent works, the authors attempted to improve the process by P R NP R
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	2011 the catalyst [[P	

  catalyst (rate for the 1 st hour) as well as slightly more efficient (conditions: N 2 , 216 equiv. Cp 2 Co and 288 equiv of LutHOTf in toluene for 20 h: TON 37 equiv. NH 3 ; maxTON 53).218 With the [P tBu P Ph P tBu ] tridentate phosphine ligand, the Mo 0 dinitrogen dimer was not isolated because of a weak Mo-N 2 -Mo bond, although it was clearly observed by IR. Alternatively, the Mo V cationic nitrido complex [[P tBu P Ph P tBu ]Mo(N)Cl] + as well as the [[P tBu P Ph P tBu ]MoCl 3 ] precursor were used as catalysts, and proved to be more efficient with a maximum of 63 equiv. of NH 3 .156 In 2017, the P-carbene-P ligand was developed and the corresponding catalyst provided up to 230 equiv. NH3 . 158 In 2017 also, Nishibayashi studied the catalytic behavior of the [Mo[PNP]I 3 ] complex in the N 2 -to-NH 3 reaction. Most interestingly, starting from this precursor instead of the reduced Mo 0 dinitrogen complex, the efficiency of the transformation is drastically improved, with 415 equiv. of NH 3 (2880 [ColH]OTf / 2160 CoCp* 2 ) (ColH is 2,4,6-Me 3 C 5 H 2 NH) vs 23 equiv. at best for the dimer as well as very little H 2 formation. Also, dramatic halide effect was observed as only 12 equiv. NH 3 are formed with the [Mo[PNP]Cl 3 ] pre-catalyst under the same conditions. Schrock reported that Mo VI nitrido complexes, [[N 2 N]Mo(N)X] where [N 2 N] is a diamido-pyridine ligand and X is an alkoxide or chloride ligand, were catalytically competent for the reduction of N 2 into NH 3 , producing up to 10.3 equivalents of ammonia under optimized conditions (108 equiv. of Cp* 2 Co and 140 equiv. of Ph 2 NH 2 OTf). 220
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	Scheme 57	
	In 2017,	

219 

They showed that the

[Mo[PNP]

(N)X] nitrido complexes are key intermediates in this process and therefore proposed a novel catalytic cycle, corroborated by DFT calculations (scheme 57).

  2 under N 2 . The yield of NH 3 reaches 92% in the best case, almost suppressing the side reaction making H 2 . The 4350 is truly impressive, and the best TOF of ca 117 min -1 is similar to what is measured in nitrogenase enzymes(40-120 min -1 ).
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  ).237 These complexes perform equally well in catalysis with TON of33-39 (400 equiv. K, 200 equiv. (CH 2 SiMe 2 Cl) 2 , 50°C, 2 days). In addition to being reactive toward Si-Cl bond, the nitrido complex reacted with Si-H bonds under mild conditions providing a synthesis of bis-silylamine.184 Using the mixed Cp*/amidinate complexes presented above, Sita and co-workers reported in 2015 a synthetic cycle to produce SiMe 3 NCO, 182 or (SiMe 3 ) 2 NH 238 based on the reactivity of the nitrido derivative. Photolytic or thermal N 2 splitting is followed by functionalization of the nitrido intermediate with SiMe 3 Cl (scheme 64).In 1998, the reaction between RBH 2 and an anionic W 0 complex, activated by N 2 substitution by an electron donating NCS -, was reported byHidai. 239 In 2017, Simonneau used BCF (tris-pentafluorophenyl borane) to activate coordinated N 2 toward BH functionalization with HB(C 6 F 5 ) 2 (scheme 65).240 In 2019, the same group reported on the 1,3 addition of BH across the W-N≡N moiety, to form H-W-N=NB(C 6 F 5 ) 2 fragments.
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	Scheme 66	
	Scheme 64	
	Scheme 63	
	Scheme 65	

241 

In 2018, Mézailles showed that stepwise functionalization of the [[P Cy P Ph P Cy ]Mo(N)I] nitrido complex with PinBH does lead to borylamine formation, via borylamido-hydride and (bis-boryl)amido-bis-hydride intermediate complexes (scheme 66).

  ).242 , 243 , 244 
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	dedicated to these metal centers dinitrogen complexes. In 2006, Pombeiro showed that
	Scheme 67	
	Since 2003, only a handful of publications, summarized below, have been

-N 2 complexes: synthesis and stoichiometric reactivity 6.1.1 P containing ligands

  

	Comprehensive Coordination Chemistry Comprehensive Coordination Chemistry	page 87 page 88
	Authors N. Mézailles / N 2 Authors N. Mézailles / N 2	
	[[PP] 2 Fe(H 2 )(H)] + ([PP] = 1,2-bis(bis-(methoxypropyl)phosphino)ethane, a water soluble
	ligand) 256 and showed that H 2 could be displaced by N 2 to form [[PP] 2 Fe(N 2 )(H)] + ,
	featuring a minimally activated N 2 moiety (ν NN of 2088 cm -1 , NN distance 1.112Å)
	(scheme 72). 257,258 Dinitrogen is readily displaced in this type of complexes. In particular,
	coordination of NH 3 , NH 2 NH 2 and NH=NH was studied in light of their possible
	intermediacy in the N 2 reduction process. 259 Subsequent deprotonation of
	[[PP] 2 Fe(N 2 )(H)] + yields the Fe 0 complex [[PP] 2 Fe(N 2 )], showing increased N 2 activation
	(ν NN of 1966 cm -1 ), and NH 3 (15%) and N 2 H 4 (2%) were both obtained upon acid
	treatment (triflic acid). DFT calculations were carried out to rationalize the formation of
	NH 3 and hydrazine. 260 Notably, the analogous complex [Fe(depe) 2 (N 2 )] did not yield any
	Scheme 72 In 2016, Ashley also studied the [[PP] 2 Fe(N 2 )] complexes ([PP] = dmpe, depe), 266 and showed that the dimeric [Fe(dmpe) 2 ] 2 (μ-η 1 :η 1 N 2 ) complex is obtained from NH 3 upon protonation. complex. 263 Interestingly, deprotonation of the diazene derivative with strong base the monomer upon vacuum treatment and crystallization. They also discovered that
	regenerates the [Fe(dmpe) 2 (N 2 )] complex. 264 Related chemistry was studied in parallel by reaction with TfOH produced appreciable amounts of N 2 H 4 and NH 3 , with depe complex
	Field with ruthenium. 265 (ca 20% N 2 H 4 , 8% NH 3 ) being more efficient than dmpe one (ca 9% N 2 H 4 , 0% NH 3 ).
	Most of the known Fe-N 2 complexes contain phosphine ligands. Following
	seminal work by Leigh, 255 with donating bidentate phosphines, Tyler synthesized

261 

Field has demonstrated in 2015 that starting from isolated [Fe(dmpe) 2 (N 2 )], no NH 3 is formed upon acid treatment, 262 in contrast with initial reports by Leigh (20% NH 3 , protonation with HCl at low temp using crude mixture containing the Fe-N 2 complex). Rather, protonation at the Fe center was observed, leading to Fe II hydride complex. For the synthesis of [Fe(dmpe) 2 (N 2 )], Field followed the reduction procedure from the dichloride they developed to isolate the related [Fe(dmpe) 2 (NH=NH)]

  BP 3 ]Fe] + ,[[BP 3 ]Fe(NH 3 )] + and [[BP 3 ]Fe(N 2 H 4 )] + all produce 6 equivalents of NH 3 under the same catalytic conditions, demonstrating that they are likely intermediates in the catalytic cycle of N 2 functionalization.295 Moreover, the complex [[BP 3 ]Fe(NNH 2 )] + , was characterized at low temperature (-135°C) from the double protonation of the anionic complex [[BP 3 ]Fe(N 2 )][Na(12-crown-4) 2 ].296 It was later shown that at least some of the catalyst [[BP 3 ]Fe(N 2 )][Na(12-crown-4) 2 ] was stable at low temperature, allowing significant increase of the NH 3 yield upon successive reloading of substrates (up to 64 equiv. NH 3 per Fe center at 1500 equiv. acid loading).297 
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	complexes [[	

  SiMe 3 ) 3 reduction by Cp 2 Fe or Fe(CO) 5 . 307 Thus, [[Si R P 2 ]Fe(H)(PMe 3 )(N 2 )] complexes were synthesized and evaluated as catalysts (scheme 83).308 

	Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 Scheme 82 Authors N. Mézailles / N 2 to N(Scheme 83 Iron dinitrogen complexes of anionic tridentate ligands featuring both amido and page 102 phosphine moieties have been studied recently. In 2015, Mindiola reported that minor amounts of a heterobimetallic FeMg-N 2 complex are formed when an excess of EtMgCl is reacted with [[PNP]FeCl] under N 2 (scheme 84). Scheme 84 In 2016, the group of Nishibayashi expanded the chemistry of [PNP] pincer ligands with a central pyrrolide moiety toward Fe (scheme 85). 309 They obtained Fe I -N 2 complex upon reduction of the [[PNP]FeCl] ([PN R P] = 2,5-bis(di-tBu-phosphinomethyl)pyrrolide), or by protonation of the hydride or methyl derivative followed by reduction. A ν NN band at 1964 cm -1 assignable to terminal N 2 was found in the IR spectrum. This complex is a competent catalyst in NH 3 synthesis only when [H(OEt 2 ) 2 ]BAr F 4 and KC8 were used as Authors N. Mézailles / N 2 Iron complexes of tridentate anionic [SiP 2 ] Comprehensive Coordination Chemistry page 103 Comprehensive Coordination Chemistry page 104

-ligand were studied in 2017 by Nishibayashi, in link with the possible involvement of [(THF)Fe(SiMe 3 ) 2 (N 2 )] as intermediate in the N 2 proton source and reducing agent, at low temperature (-78°C). Under optimized conditions, up to 14.3 equivalents of NH 3 are formed together with 1.8 equivalent of

  Masuda and coworkers developed an anionic[PNN] ligand that features an iminophosphorane unit (R 3 P=N-R), an electron-rich phosphine, and an amide (scheme 86). They reported that the reduction of the corresponding Fe II complex [[PNN]FeBr] under N 2 yielded the N 2 bridging dimer.313 The NN bond distance is elongated to1.184(6)Å and the ν NN stretch is found at 1755 cm -1 in the Raman spectrum, at lower energy compared to the Nacnac complexes reported by Holland (vide infra). The solution-state magnetic moment indicates six unpaired electrons, while the Mössbauer is consistent with Fe II centers. Together, these data support antiferromagnetic coupling between N 2 2-and the two Fe II centers.

	). The corresponding [[PN R P]FeMe] ([PN R P] = 2,5-bis(di-tBu-phosphinomethyl)(3,6-di-tBu)carbazole) did produce up to 3.2 equiv. NH 3 (80 equiv. KC 8 , 78 equiv. HBAr F 4 , -78°C, Et 2 O) Scheme 85 Caulton reported in 2007 the hydrogenation of N 2 O by the [[PNP]Os(H) 3 ] ([PNP] = N(SiMe 2 CH 2 PtBu 2 ) 2 ) complex. 312 In addition to water, the reaction yielded the [[PNP]Os(H)(N 2 )] complex, characterized by a high field hydride (-34.8 ppm) in 1 H Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 105 Fryzuk, Scheme 86 The coordination chemistry of tetradentate phosphine based ligands, [NP 3 ] and [PP 3 ] toward group 8 metals date back to Sacconi's work in the mid 70s. In 2005, Peters has reported novel, bulky examples of [NP 3 ] ligands and their coordination to Fe II . Following a similar route, the [[NP iPr 3 ]Fe(N 2 )(H)][PF 6 ] complex could be obtained. 314 Coordination of bulky tetradentate [PP 3 ] ligands to Fe II and Ru II centers was studied by Field, as well as their reduction under N 2 (scheme 87). 315 The diamagnetic, trigonal bipyramidal, [[PP R 3 ]M(N 2 )] complexes were fully characterized. Functionalization of N 2 Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 106 the cationic hydrazine complex [[PP iPr 3 ]Ru(NH 2 NH 2 )Cl] + provides another synthetic pathway to the Ru 0 -N 2 complex, although it generates stoichiometric amounts of the Ru(H) 2 derivative. 317 Notably, when the more bulky [PP tBu 3 ] ligand was used, only tridentate coordination was observed. 318 Scheme 87 In 2017, Dzik, de Bruin, Reetz and coworkers studied the coordination of a novel [PP Ph 3 ] ligand, based on indole ring, to Ru. Stepwise reduction of the [[PP Ph 3 ]RuCl 2 ] yielded the Ru I and Ru 0 -N 2 complexes, featuring a ν NN at 2125 cm -1 . 319 Also in 2017, Mock reported a series of Fe complexes bearing a rigid tetraphosphine ligand [P 4 N 2 ], and in particular the first example of a square pyramidal complex [[P 4 N 2 ]Fe(N 2 )] (ν NN at 2003 cm -1 ) (scheme 88). 320 They quantified the affinity of N 2 coordination at the "[P 4 N 2 ]Fe (x) " fragment, with very unfavorable coordination at Fe II (>30 kcal/mol), favorable at Fe 0 (-7kcal/mol) and reversible at Fe I (0.4 kcal/mol). Under a high pressure of N 2 (100 atm), the [[P 4 N 2 ]Fe(N 2 )] complex is a competent catalyst in the Authors N. Mézailles / N 2 page 107 N 2 to N(SiMe 3 ) Comprehensive Coordination Chemistry Scheme 88

NMR, as well as a ν NN stretch at 2003 cm -1 in the IR spectrum.

was attempted with mildly acidic lutidinium, but the metal-hydride-N 2 complexes were observed instead. Deprotonation regenerated the M(0) complexes.

316 

Deprotonation of 3 transformation (up to 65 equiv. N(SiMe 3 ) 3 ).

  325 , 326 , 327 , 328 , 329 , 330 , 330 , 331 , 332,333 , 334 , 335 , 336 , 337 , 338 , 339 , 340 Budzelaar, Gambarotta and coworkers showed in 2008 that reaction of the same [Fe( iPr PDI)Cl 2 ] complex with excess NaH did form several reduced Fe-N 2 complexes (scheme89, bottom). In this case, because of the presence of the two NHC ligands, the complex is diamagnetic, and the NN stretching frequencies are measured at slightly lower wavelengths as expected (2109 and 2031 cm -1 ). Electronic and steric ligand tuning was achieved from 2012 by Chirik, and the corresponding [[CNC]Fe(N 2 ) 2 ] are extremely active hydrogenation pre-catalysts.333 ,343 In 2017, the saturated version of the NHC ligand was reported, and the Fe-N 2 complex enables oxidative addition of H 2 to Fe 0 . 344 High oxidation state "Os-Nitride" complexes of neutral [NNN] ([NNN] = terpy or tris-pyrrazolylmethane) have been studied by Meyer and Huynh from 1999 (scheme 90). 345 N-N bond formation to form N 2 as ligand was demonstrated in a variety of reactions between the [[NNN]Os(Cl) 2 (N)] + complexes and hydroxylamines (H 2 NOH and MeHNOH) and methoxylamines (H 2 NOMe and MeHNOMe) in MeOH at room temperature. 346 A four electron reduction of the metal center occurs in this transformation. Intermediates featuring NN bonds have been observed during the transformations. Although not using polydentate ligands, the studies by Vogler need to be presented at this point, as they are related to the NN bond cleavage/formation at Os.Indeed, photolytic splitting of N 2 in [(NH 3 ) 5 Os(µ-N 2 )Os(NH 3 ) 5 ] 5+ was achieved in aqueous medium.347 The mechanism involves an intramolecular photoredox process.

	Comprehensive Coordination Chemistry Comprehensive Coordination Chemistry	page 109 page 110
	Authors N. Mézailles / N 2 Authors N. Mézailles / N 2	
	NHC ligand). Scheme 90 complexes featuring the neutral [NNN] ligand 1,	
	In 2014, dinitrogen has been shown to displace H 2 in dinuclear Ru II polyhydride cationic

341 Scheme 89 At the same time Chirik reported the synthesis of the [Fe( iPr PDI)(N 2 ) 2 ] complex, Danopoulos synthesized the related [[CNC]Fe(N 2 ) 2 ] complex ([CNC] is a pyridine-bis-342

  Bulky β-diketiminate ligands have been used in the Co-N 2 chemistry by Holland. ICy) 2 (N 2 ) 2 ]M complexes, featuring terminally bound N 2 to Co, while the interaction with M can be either η 1 or η[START_REF] Haber | [END_REF] . Functionalization of the coordinated N 2 was then studied. SiNNSiR 3 ) 2 ]. The NN bond distance of1.457(3)Å is consistent with a single bond. In light of the stoichiometric functionalization of N 2 with chlorosilane, the authors tested the catalyzed formation of N(SiMe 3 ) 3 using the neutral, anionic and diazene complexes. Thus, reaction of N 2 with 2000 equivalents of SiMe 3 Cl and KC 8 per complex, in THF, yielded 103-125 equiv. of silylamine. Chirik reported Co complexes featuring the pyridine-bis carbene ligand[CNC] in a study dedicated to catalytic hydrogenation (scheme 107).406 The sequence of Co-N 2 formation is quite unusual. It involves migration of a hydride ligand from the Co to the para position of the Py ligand, which therefore acts as a non-innocent ligand. If the reaction is carried out in the presence of 1,1-diphenylethylene, migration of the alkyl moiety formed after insertion is observed. CNAr Mes2 ) 3 ] -anion, the [Co(CNAr Mes2 ) 3 (SiMe 3 )(N 2 )] complex was obtained by Figueroa's group upon addition of SiMe 3 Cl under N 2 (scheme 109).408 In this complex the N 2 moiety is trans to the SiMe 3 group. The presence of strong π acceptor isocyanide ligands deplete the Co I center from electron density which translates to the highest vibrational band for NN at 2231 cm -1 . The same group then evaluated the addition of Co(N 2 )] 2-. The X-ray structure [[PNP]Co(μ-N 2 )Na 2 (THF) 3 ] 2 is rather complex, with highly distorted tetrahedral geometry at Co. Despite the formal highly reduced Co center, the ν NN at 1784 cm -1 indicates a moderate N 2 activation. SiMe 2 ) 2 N -.411 The group of Arnold reported in 2013 the use of a stronger donor pincer ligand, (iPr 2 PCH 2 CH 2 ) 2 N -.412 In that case, reduction of the CoCl precursor with KC 8 under N 2 yielded the desired [[PNP]Co(N 2 )] complex, as a diamagnetic species. As above, it readily loses N 2 even in the solid state in an N 2 filled glovebox. In 2016, the group of Nishibayashi further expanded the chemistry of [PNP] pincer ligands toward Co, with the pyrrolide derivative (scheme 111, top). of the N 2 -to-NH 3 reduction, using [H(OEt 2 ) 2 ][BAr F 4 ] as proton source and KC 8 as reducing agent. Under carefully optimized conditions, i.e. -78°C, Et 2 O as solvent, 1h, 200 eq. KC8 and 184 eq. H + source, up to 15.9 equivalents of NH 3 are formed together with 1.0 equivalent of hydrazine. CCC] -(R = Dipp, Mes) ligands featuring two carbenes and an aryl moiety was used by Fout to synthesize Co-N 2 complexes via reduction of the Co II precursor at low temperature (scheme 113). 416 , 417 Like most of the Co I -N 2 complexes, they are diamagnetic with a square planar geometry at Co and present a weakly activated N 2 . Addition of a phosphine yielded the square base pyramid complexes, also The group of Deng synthesized a pincer [CSiC] -anionic ligand featuring two carbene moieties in the coordination sphere of Co (scheme 114). 419 Subsequent reaction of the Co III [[CSiC]Co(H)(OEt 2 )][BPh 4 ] complex with hydride source under N 2 resulted in the formation of the [[CSiC]Co(N 2 )] species, which presents a strongly distorted square planar geometry at Co (SiCoN angle of 131°). Despite this, the complex is diamagnetic in solution. IR data collected both in solution and solid state show nearlyidentical frequencies (ν NN : 2004 cm -1 for 14 N complex in the solid, 1943 cm -1 and 1937 cm -1 for 15 N complex in the solid and in solution respectively).

	Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 Scheme 103 In 2012, this group also reported the synthesis of the M-Co-N 2 (M = Nb, Ta) complexes page 126 with the Ph 2 PNiPr 2 ligand, following the same reductive strategy. In this case, the group 5 imido complexes are used as precursors. 398 Bis-phosphino pyridine [PNP] ligands were also shown to stabilize Co-N 2 fragments. 399 Thus, synthesis of [[PNP]Co(BPin)(N 2 )] complexes ([PNP] = 2,6-(iPr 2 PCH 2 ) 2 -4-R-Py), R = H, Me, BPin, Pyrrole) was reported by Chirik in the frame of Co catalyzed borylation reactions. Only the complex with 4-pyrrole derivative is stable toward N 2 loss under vacuum. Catalysis involves N 2 dissociation to generate the active [[PNP]Co(BPin)] species. Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 127 7.1.2 N Based ligands Thus, reduction of the [Co(L tBu,dipp )Cl] (L tBu,dipp = CH{C(t-Bu)N(2,6-i-Pr 2 C 6 H 3 )} 2 -) by one electron yielded the bimetallic bridging end-on complex [{Co(L tBu,dipp )} 2 (μ-η 1 :η 1 -N 2 )], shown to feature two Co I centers, ferromagnetically coupled (scheme 104). 400 Reduction by two electrons to the formal Co 0 was also achieved, forming the [{Co(L tBu,dipp )} 2 (μ-η 1 :η 1 -N 2 )]M 2 (M = Na, K). In that case, the NN bond distance is elongated to 1.21-1.22Å (vs 1.139(2)Å in the neutral complex), in the range of N 2 2-moieties (N=N double bond), also confirmed by the N-N vibration band at 1599 cm -1 in the Raman spectrum. DFT calculations revealed that the extent of bond lengthening is due both to the reduction and alkali metal coordination. Similar reactivity was recently observed by Scheer with the ligand L Me,dipp = CH{C(Me)N(2,6-i-Pr 2 C 6 H 3 )} 2 -. 401 Scheme 104 In 2001, Gibson synthesized the [Co( iPr PDI)(N 2 )] + ( iPr PDI = 2,6-{MeC=N(2,6-i-page 129 [Co(Treatment of the [Co(ICy) 3 (N 2 )] and [Co(ICy) 2 (N 2 ) 2 ] -complexes with excess strong acid resulted in quantification of significant amounts of hydrazine (5% and 23-31% respectively). Addition of SiCl bonds to [Co(ICy) 2 (N 2 ) 2 ] -resulted in the formation of the disilyl diazene complex [Co(ICy) 2 (η 2 -R 3 Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 130 Scheme 106 In 2013, Scheme 107 A related tridentate ligand, [PNC] phosphine-pyridine-carbene, was reported in 2016 by Braunstein, Danopoulos and coworker. 407 Reaction of the imidazolium precursor with [Co(NTMS 2 ) 2 ] formed the [[PNC]CoBr] Co II complex featuring dearomatized anionic PNC ligand. Subsequent reduction of this complex by KC 8 yielded the diamagnetic Co I -N 2 complex [[PNC]Co(N 2 )]. In this complex, a NN bond distance of 0.987(3)Å was measured, shorter than the distance in free N 2 (1.098Å), apparently incompatible with the Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 131 ν NN at 2057 cm -1 which shows some activation via back bonding, and thus which should lead to elongation. Scheme 108 Bulky isocyanide ligands have enabled synthesis of Co I -N 2 complexes. Starting from the [Co(strong donor ligands, Cp derivatives. 409 In the case of the [CpCo(CNAr Dipp2 )I 2 ], reduction did not lead to formation of a Co-N 2 complex, but on dimerization. With the more donating and sterically encumbered, the desired [Cp*Co(CNAr Dipp2 )(N 2 )] complex was obtained. However, it is not stable under vacuum, and ligand rearrangement was observed. Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 132 Scheme 109 7.1.4 Pincer ligands A variety of pincer, tridentate anionic, ligands favoring meridional coordination at the metal center have been used to stabilize Co-N 2 fragments. In 2006, the group of Mindiola studied the reduction of the [[PNP]CoCl] complex where [PNP] is [N{2-PiPr 2 -4-MeC 6 H 3 } 2 ] -(scheme 110). 410 Under N 2 , reaction with The group of Fryzuk and Masuda developed a novel pincer [N P NP] -ligand which N P N anionic part bears resemblance to β-diketiminate ligand. 415 Reduction of the Co II precursor by KC 8 generated the paramagnetic (S = 1) complex [[N P NP]Co], which exists in solution in equilibrium with a small amount of the dinitrogen complex [[N P NP]Co(N 2 )] (scheme 112). Crystals incorporating both complexes could be grown. Most interestingly, the mixture catalyzed the N 2 -to-NTMS 3 reduction. Under optimized Scheme 113 Scheme 114 tBuLi formed the Co Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 133 an excess of Na/naphthalene yielded the diamagnetic dianionic Co -I complex [[PNP]Scheme 110 Similar reversible coordination of N 2 was observed the same year by Caulton with Authors N. Mézailles / N 2 complexes are catalysts Scheme 111 A diazaborole [PBP] pincer ligand was reported by Peters to allow the formation of the [[PBP]Co(N 2 )] complex upon reduction under N 2 with Na/Hg (scheme 111, bottom). 414 It appears that the strongly σ donor boryl and the π basic amido are similarly (poorly) effective in N 2 activation (ν NN values of 2013 cm -1 and 2024 to 1999 respectively). Authors N. Mézailles / N 2 conditions (-40°C, THF, 1500 KC 8 , 2000 SiMe 3 Cl, 10 days), 200 equiv. of N(SiMe 3 ) 3 were formed. Scheme 112 Pincer [ R diamagnetic, with N 2 in the equatorial plane. The [[ Dipp CCC]Co(N 2 )] complex was used as catalyst in hydrosilylation of alkene reactions. 418 Authors N. Mézailles / N 2 Authors N. Mézailles / N 2 another [PNP] pincer ligand, (tBu 2 PCH 2 Comprehensive Coordination Chemistry page 134 Comprehensive Coordination Chemistry page 135 Comprehensive Coordination Chemistry page 136 Comprehensive Coordination Chemistry page 137
	Pr 2 C 6 H 3 )} 2 C 5 H 3 N) complex by abstraction of a CH 3 moiety under N 2 . In 2010 and 2013,

I Co I dimer [[PNP]Co] 2 (μ-N 2 ), featuring two square planar Co centers. At this oxidation state the N 2 binds reversibly to the Co center. Reduction with 413 They also obtained diamagnetic Co I -N 2 complexes upon reduction of the [[PNP]CoCl] ([PNP] = 2,5-bis(dialkyl-phosphinomethyl)pyrrolide). Most interestingly, these

  2 complex was obtained in 1976 using phosphine ligands, [Rh(H)(N 2 )(PtBu 2 Ph) 2 ], 420 little work has been reported since 2003 using such ligands. In a work related to studies on the formation of Rh-vinylidenes, Werner and coworkers studied the coordination of diazoalkanes to [Rh(PiPr 3 ) 2 Cl] 2 . 421 In most cases, simple coordination via terminal N of the diazo occurs, without NC bond breaking, leading to [Rh(PiPr 3 ) 2 (R 2 CN 2 )Cl] complexes. Only in the case of CH(CO 2 Et)N 2 The group of Crudden has studied the coordination of the bulky NHC ligands (IPr and SIPr) as alternative to phosphines. The [Rh(IPr) 2 Cl(N 2 )] and [Rh(SIPr) 2 Cl(N 2 )]In search for luminescent Ir complexes, the group of Zhang and Ding discovered serendipitously an Ir II /Ir II metal-metal-bonded complex featuring a single end-on N 2 ligand. The two metal centers are coordinated by three cyclometalated phenylquinolyl ligands in total.439 The tetradentate [SiP 3 ] -was utilized to stabilize trigonal bipyramidal Ir I [[SiP 3 ]Ir(N 2 )], similarly to Co.280 The N 2 ligand, trans to the strong σ-donor silyl, is weakly coordinated and shows a stretching frequency at 2122 cm -1 , 59 cm -1 higher than the Co analogue. It is readily removed under vacuum.Like for the Rh complexes, anionic [PCP] -ligands have been used to provide robust platforms "Ir[PCP]" for catalytic applications, 440 , 441 such as alkane dehydrogenation.442 In these cases, the N 2 complexes can inhibit the reactivity, but in general N 2 is readily displaced by even poor sigma donors. Brookhart has even showed that N 2 can be displaced and that reactions could subsequently occur in single crystals. SiH bond of the [PSiHP] ligand. Subsequent reaction of the[[PSiP]Ir(H)(Cl)] with hydride sources lead to mer (major, 85-90%) and fac (minor) dihydride complexes[[PSiP]Ir(H) 2 (N 2 )]. In the mer isomer, the N 2 ligand is trans to a hydride while in the fac, it is trans to Si with the N-N stretching frequencies are at 2091 cm -1 and 1926 cm -1 respectively.444 Tris-pyrazolyl borates have also been shown to support N 2 coordination at Ir. The groups of Schneider and de Bruin have studied in greatest details the chemistry of the "[PNP]Ir" fragment ([PNP] = (N(CHCHPtBu 2 ) 2 ), in parallel to the one of Rh presented above. They do bear some similarities. In particular, photolysis of the Ir II azide precursor generates the nitride Ir IV complex, unstable at room temperature which eventually leads to the bridging N 2 dimer (scheme 121). On the other hand, oxidation by one electron yields the stable Ir V nitride cationic species.448 This is explained by the nitridyl N° character of the neutral vs closed shell nature of the cation. Alternatively, the bridging N 2 dimer can be obtained upon one electron reduction of the cation and the mechanism was studied.449 Although the nitride is not obtained from N 2 , understanding its functionalization is important.

	does the [Rh(PiPr 3 ) 2 (N 2 )Cl] complex forms. Neutral tridentate ligand featuring phosphines or phosphites, such as [PNP], where N is a pyridine moiety have been reported to stabilize square planar Rh I -N 2 complexes. 422 , 423 Upon deprotonation, the ligand becomes [PNP] -anionic, and metal-ligand cooperation has been reported. 424 The group of Burger has used bis-(imino)pyridine [N R NN R ] (R= Mes or Dipp) ligands to study the synthesis and reactivity of M≡N nitrido complexes (M =Rh, Ir) (scheme 115). 425 In order to study the dimerization process, they independently synthesized the Rh-N 2 by reduction of the [[N R NN R ]RhCl] precursors. In the case of R = Mes, a bridging N 2 complex is formed while the terminal end-on complex is obtained for the more bulky Dipp ligand. In fact, the N 2 complex does not form upon irradiation of the azide Indeed, this T shaped fragment is only stabilized in the crystal structure by a σCH bond derivative [[N Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 138 Scheme 115 7.2.2 P and N containing anionic ligands Anionic [PCP] -ligands have been used to a large extent to provide robust platforms "M[PCP]" for many catalytic applications. Accordingly, coordination of N 2 at these fragments is sufficient to allow isolation of the 16 electron complexes, yet N 2 is readily displaced by many two electron donors en route to catalysis. 426 , 427 An equilibrium between terminal and bridging end-on complexes has been observed (scheme 116). 428 Unlike what was presented above, reaction of PhCHN 2 formed a stable adduct only at low temperature. Above -30°C, the diazo is transformed into the carbene complex. Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 139 Scheme 116 Related properties have been observed with anionic [PNP] -ligands, i.e. weak coordination of N 2 at Rh. 429 , 430 In 2013, Schneider, de Bruin and coworkers reported the synthesis of [[PNP]Rh(N 2 )] and [[PNP]Rh](µ-N 2 ) ([PNP] = [N(CH=CHPtBu 2 ) 2 ]) via coupling of the unstable [[PNP]Rh(N)] Rh IV nitride derivative (scheme 117). 431 Thus, irradiation of the azide precursor in frozen solution generated the nitride which was characterized by in situ IR and EPR spectroscopies. Upon warming, dimerization occurs followed by formation of the terminal N 2 complex. Scheme 117 Yamashita, Nozaki and coworkers reported the use of [PBP]-diazaborolide/phosphine pincer ligand to stabilize unsaturated [[PBP]Rh] fragment. 432 Comprehensive Coordination Chemistry Authors N. Mézailles / N 2 page 140 7.2.3 NHC ligands complexes feature coordinated N 2 ligand, also readily displaced, even in the crystal by O 2 and CO. 433,434 7.3. Ir complexes 7.3.1 Neutral ligands Using the bulky monodentate phosphine PiPr 2 Ad, Figueroa observed the reversible N 2 coordination at [Ir(PiPr 2 Ad) 2 (H)(N 2 )] and CH bond insertion into the ligand at room temperature (scheme 118). 435 Scheme 118 Also in 2010, Aldridge reported the first example of a bis-N 2 complex of Ir, [Ir(IMes) 2 (N 2 ) 2 ]BAr F 4 , in which the N 2 ligands are trans to each other. 436 One of the N 2 ligand is readily displaced by THF. Here, as above, the NN bond distance of 1.109(8)Å shows minimal elongation compared to free N 2 , although the IR stretch are found at ca 1985 cm -1 . The same group also prepared the [Ir(IMes)(Cl)(N 2 )(COE)] complex, as Authors N. Mézailles / N 2 Scheme 119 7.3.1 Anionic ligands Authors N. Mézailles / N 2 precursor into the Carmona and coworkers irradiated the Ir(I) [(Tp tol )Ir(isoprene)] complex in C 6 H 6 under N 2 . The isoprene loss resulted in both intra (in the tolyl substituent) and inter (in C 6 H 6 ) CH bond activations yielding an Ir(III)-N 2 complex. 445 In 2004, Chirik showed that [Ir(L Me,dipp )(N 2 )(COE)] (L Me,dipp = CH{CMeN(2,6-i-Pr 2 C 6 H 3 )} 2 -) can be used as precursor for H 2 and CH bond activation. 446 In 2008, Grubbs reported the use of a [[PNP]Ir(N 2 )] complex as catalyst for the oxidation of tBuMeO by organic azide to produce HC=NR(OtBu) (scheme 120). 447 The Ir-N 2 moiety is generated from the reaction between the Ir=CHOtBu Fischer carbene intermediate and nucleophilic azide. The reaction requires the use of NBE (norbornene) as sacrificial H 2 acceptor. precursor to [Ir(IMes) 2 (Cl)(COE)]. Comprehensive Coordination Chemistry page 141 Comprehensive Coordination Chemistry page 142 page 143
	Scheme 120

Dipp NN Dipp ]Rh(N 3 )] because of the high reactivity of the generated nitride [[N Dipp NN Dipp ]Rh(N)]. Instead, multiple CH bond insertions into the ligand are observed.

of the benzene moiety of another ligand. In solution, coordination of N 2 is favorable and leads to the expected square planar Rh I derivative.
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In 2013, Bohle and coworkers used the labile character of N 2 in [Ir(PPh 3 ) 2 Cl(N 2 )] to trap the azo form of the azo-triazole equilibrium (scheme 119).

438 443 

Shimada reported the synthesis of a [PSiP] -pincer ligand by insertion of an Ir(I)

  463 Even if it does not concern molecular complexes, it is pertinent to cite here the work of Bordiga who has measured the adsorption enthalpy of N 2 on a five coordinate Ni II site of the MOF CPO-27-Ni to be -17 kJ/mol.464 It is expectedly much weaker than coordination of both CO and NO (-50 and -90 kJ/mol respectively).Finally, there are no Pd or Pt complexes of N 2 to date.
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  Warren and coworkers showed that the tris-pyrazolylborate ligand iPr2 Tp allows Cu I -N 2 -Cu I formation. 467 Thus, reaction of the [( iPr2 Tp)Cu II (OH)] 2 precursor with two equivalents of Ph 3 SiH at -20°C led to several color changes, ultimately forming colorless crystals of [( iPr2 Tp)Cu] 2 (μ-η 1 :η 1 -N 2 ) in 38% yield. Impressively, the authors were able to isolate and crystallize a purple intermediate, only stable at low temperature (below -20°C) [( iPr2 Tp)Cu] 2 (μ-H), a mixed valence dicopper hydride complex. The dinitrogen complex [( iPr2 Tp)Cu] 2 (μ-η 1 :η 1 -N 2 ) presents modest thermal stability and N 2 is readily displaced by two electron donors, such as nitriles or isonitriles to form the corresponding monometallic Cu I complexes.
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Authors N. Mézailles / N 2 page 94 complex was used as pre-catalyst for the catalytic NN coupling of azides into azoarene. 282 The first step of the transformation involves N 2 displacement by arylazide prior to imide formation. In the absence of arylazide, under N 2 , the imide evolves back to the Fe-N 2 complex via ArNNAr formation.

Scheme 77

In subsequent studies, conditions to favor NH bond formation related to catalytic NH 3 production as well as NC bond formation were evaluated. The same group found out that the related phosphide Ni II complex reacted with alkoxide