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Introduction

Nitrogen is a life-sustaining element primarily sourced from widely available, inexhaustible but commonly non-bioavailable dinitrogen. In Nature, microorganisms that express the nitrogenase metallo-enzyme distribute nitrogen to the biosphere through ammonia synthesis. [1] The discovery of the Haber-Bosch process has provided mankind with a controllable and large-scale industrial synthesis of ammonia from atmospheric nitrogen. [2] Whereas more than three quarters of the ammonia produced in Haber-Bosch plants is destined to the fertilizer market, [START_REF]Appl in Ullmann's Encyclopedia of Industrial Chemistry[END_REF] the remaining part is at the origin of every nitrogen atom found in industrially produced organic or inorganic chemicals. Consequently, as underlined by Chirik and colleagues, [START_REF] Kim | [END_REF] there is motivation to extend anthropic nitrogen fixation beyond ammonia, to potentially circumvent the Haber-Bosch process and its associated CO2 emissions. From this perspective, molecular complexes have proven to be tools of choice to functionalize dinitrogen. [START_REF] Kim | [END_REF]5] By activating N2, they can catalyze the syntheses of ammonia [6] and inorganic amines through the addition of reactive main group species. [7,[START_REF] Légaré | Borylenes and boryl radicals may react spontaneously with N2: a)[END_REF] As for the synthesis of organonitrogen compounds, homogeneous catalytic processes are scarce, [9,10] notwithstanding that a large number of N2 complexes undergo C-N bond formation upon treatment with organic reagents. [START_REF] Kim | [END_REF]11] Most of these transformations usually occurs by the reaction of the N2 ligand with an electrophile: organic halides or pseudohalides react typically with terminal (I) or bridged bimetallic dinitrogen complexes (II) or N2-derived nitrides [12] (III) to form diazenido, [13] hydrazido, [13g,14] hydrazonato [13f] or imido [15] species (Scheme 1, top-left). 
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These C-N bonds formation methods were exploited for the synthesis of N2-sourced amine, [16] amide, [17] hydrazine [13f,14c] or nitrile derivatives, [15,18] or the cyanate ion. [10] Early transition metal bimetallic N2 complexes or N2-derived nitrides can also mediate C-N bond formation with unsaturated, π-accepting (hetero)cumulenes, [19] carbon monoxide, [19d,20] isocyanides [19d,20f] or alkynes and allenes, [19d,e,21] by taking advantage of a reactive M-N linkage (Scheme 1, top-right). These latter approaches have served as a starting point for the syntheses of hydrazines, [14c,19b,e,22] amides, [20a-c] nitriles [21c] or cyanates. [19f,20a,f] An N2 unit may also insert into a reactive M-C bond, [9,23] and the transmetallation of N2-derived nitrides with organylpalladium species can also lead to the formation of amines (not shown). [24] Standing in sharp contrast with those well-documented reactivity patterns, the half-sandwich Mn(I) N2 complex [Cp(CO)2Mn(N2)] (1, Cp = cyclopentadienyl, C5H5), described by Sellmann in the 1970s, [25] is the sole N2 complex that was reported to mediate C-N bond formation by the addition of nucleophiles (Scheme 1, bottom). It was proposed that 1 reacts with methyl-or phenyllithium to provide an anionic α-substituted alkyl-or aryldiazenido complex [Cp(CO)2MnN(R)=N]Li (R = Me or Ph), that can be subsequently trapped with an electrophile to afford diazene products. [26] A synthetic cycle by which the diazene compound is liberated and the starting N2 complex 1 regenerated could eventually be achieved. [26b] Such reactivity obviously recalls the well-known nucleophilic attack of RLi on a CO ligand leading to Fischer carbenes. [27] It is therefore quite intriguing that the main detectable product in the reaction of 1 with RLi was not the nucleophilic attack on CO, as observed in the reaction of cymantrene [CpMn(CO)3] with MeLi or PhLi. [28] Interested in the synthetic potential offered by the addition of polar organometallic reagents to N2, our group has recently explored the reactivity of molybdenum and tungsten N2 complexes with organolithium reagents, and we could not observe any N2 functionalization. [29] Hoping a better understanding of the peculiar behavior of 1 would help delineate factors that may lead to the productive reaction of dinitrogen with polar organometallic reagents, we embarked on a re-examination of the reactivity of Sellmann's complex with PhLi using a combination of modern spectroscopic and theoretical methods. This led us to revise the initial mechanistic proposal and rule out PhLi addition on 1's N2 ligand.

Results and Discussion

Synthesis and Additional Characterization of 1

The complex [Cp(CO)2Mn(N2)] (1) is, to the best of our knowledge, the only isolated example of a piano-stool, terminal manganese N2 complex. [START_REF] Hirotsu | Selected examples of other piano-stool N2 complexes: a)[END_REF] It was initially prepared according to two different protocols:

1) oxidation of the hydrazine complex [Cp(CO)2Mn(N2H4)] by hydrogen peroxide in the presence of copper salts [25] or 2) photolysis of cymantrene in THF under N2 pressure. [31][START_REF] Penna | Sutton and his group have later discovered that degradation of diazonium complexes can lead selectively to the analogous [(η 5 -CH3C5H4)Mn(CO)2(N2)] dinitrogen complex, but it was not isolated: a) C. Barrientos[END_REF][START_REF] Banister | Formation of Mn I -N2 complexes upon photolysis of carbonyl precursors has also been evidenced with time-resolved IR spectroscopy: a)[END_REF] Because 1 is more conveniently isolated when the first method is employed, this is the one we have selected for this study. However, the lack of experimental details for the synthesis of 1 urged us to fully re-optimize the overall synthetic sequence (see the Supporting Information). The instability of [Cp(CO)2Mn(N2H4)] in the solid state even at -40 °C led us to privilege its preparation for immediate use. In order to avoid the frequent need of a photochemical set-up, we synthesized it by thermal ligand exchange from readily available [Cp(CO)2Mn(MeCN)] [34] (Scheme 2). For the last step, we found that 0.3 equiv. of Cu(OTf)2 and 2.1 equiv. of H2O2 provided the best spectroscopic yields of 1. After evaporation of the volatiles and sublimation, 1 was recovered with reproducible yields of around 30%. Complex 1 is labile in solution above -10 °C, especially in polar, coordinating solvents. It was found moderately stable in the solid state, with increasing amounts of cymantrene building up over weeks at -40 °C, as evidenced by IR spectroscopy. It cannot be separated from cymantrene, the main side-product in the synthesis of 1. [35] Trace amount is found in the NMR spectra or evidenced by the observation of weakly intense CO stretching bands along those of 1 in the IR spectrum (THF) of the sublimed product. Complex 1 is characterized in the group frequency region by three intense bands at 2162, 1965 and 1910 cm -1 corresponding to N≡N, symmetric (A') and antisymmetric (A") C≡O stretches, respectively. By comparison, cymantrene exhibits bands at 2021 and 1932 cm -1 , resulting from symmetric and two degenerate antisymmetric C≡O stretches. Elemental analyses have allowed us to estimate the content of cymantrene to about 7-10% depending on the sample. The material condensing on the cold finger of the sublimation apparatus was suitable for a single crystal X-ray diffraction (sc-XRD) study, allowing us to get the sofar unreported solid-state structure of this organometallic N2 complex (Figure 1). It crystallizes in the monoclinic crystal system and its space group is P21/n. The two CO ligands are eclipsed with C-H bonds of the Cp ligand. The N-N bond is 1.1144(1) Å, typical of a weakly activated N2 ligand, and the Mn-N bond is 1.8418(4) Å, close to those reported for dinuclear - 1 : 1 Mn(I)-N2 complexes, [36] but longer than the one found in [Mn(H)(N2)(dmpe)2] (1.817(5) Å). [37] Compared to a recent highresolution X-ray structure of cymantrene, [38] 1 shares the same crystal system and space group. The distances between Mn and the Cp centroids are comparable (1.77 Å), but the C-C bonds of the Cp rings in 1 are sensibly shorter (avg. 1.409 [4] Å) than in cymantrene (avg. 1.423[1] Å), probably as a result of a less pronounced N2 trans influence. [39] In the considered structure of cymantrene, Mn-CO and C-O bond lengths are equal, but slight differences are observed in the structure of 1, which can be explained by the fact that they do not exhibit the same number of short CCp-H•••O contacts in the lattice (Figure S31). [START_REF]Such H-bond network can be found in other reported structures of cymantrene[END_REF] N 2 H 4 (7 equiv.) 4), C2-O2 1.142 (4).
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Reaction of 1 with PhLi: Spectroscopic Monitoring

With complex 1 in hand, we next checked its reactivity with phenyllithium. [26a] Real-time IR spectroscopy was found to be an analytical method of choice to monitor the progress of this reaction (Figure 2A,B and Figure S25). Treatment of 1 with PhLi in THF at ca. -40 °C led, after 1.5 h, to a product 2 that had the same IR signature as the species reported by Sellmann, assigned to the anionic diazenido complex [Cp(CO)2MnN(Ph)=N]Li. Complex 2 was characterized by three CO stretching bands at 1869, 1792 and 1755 cm -1 , shifted towards lower frequencies compared to 1. The observation of a third band was attributed to a possible equilibrium between the associated and solventseparated ion pair. [START_REF] Darensbourg | Progress in Inorganic Chemistry[END_REF] In agreement with this hypothesis, addition of 12-c-4 at the end of the experiment resulted in the immediate disappearance of the 1756 cm -1 band, leaving in the spectrum those of the unperturbed anion (Figure 2B). Interestingly, during the initial stage of the reaction (first 30 min), a compound 3 featuring rather intense bands at 2044 and 1840 cm -1 , was detected. Noteworthy, these spectral features were absent from Sellmann's original reports, and IR data for this species are consistent with an anionic end-on N2 complex having only one carbonyl ligand, possibly playing a key role in the overall reaction. Importantly, at lower temperature (ca. -50 °C), the reaction of 1 with PhLi led exclusively to 3 and its evolution toward 2 was found very slow (Figure S26), but above -20 °C this transformation proceeded quickly. Having established the stability of 3 in solution at low temperature, we attempted to characterize it by NMR. Adding 1 to a cooled (-78 °C) THF-d8 solution of PhLi and introduction of the sample into an NMR spectrometer stabilized at -50 °C allowed us to gain additional information on the nature of 3. Indeed, the 13 C{ 1 H} spectrum showed a singlet at δC 318.0 ppm, accompanied by the expected CO, Cp and aromatic carbon resonances (see Figures 2D andS28-29). A correlation was found between aromatic protons and the low field signal using a 1 H-13 C HMBC-NMR experiment. Collectively, these data point to an anionic acylcarbonyl metallate formulation for 3. [START_REF] Fischer | [END_REF] Upon warming up of the probe to -40 °C, characteristic resonances of 3 disappeared over 24 h. A new major compound built up that did not feature any carbon resonance at higher field than the CO signals, along with minor amounts of the anionic acylcarbonyl metallate [Cp(CO)2MnCOPh]Li ( 4). An IR measurement on the resulting THF-d8 solution confirmed that the major final product had the same spectrum as 2.

Isolation and Structure of the Observed Species

We next considered the isolation and crystallization of 2 and 3. Because of the good solubility of both 2 and 3 in THF, as well as the thermal and vacuum sensitivity of 3, we attempted the reaction of 1 with phenyllithium in the less polar solvent Et2O, hoping it would facilitate crystallization. However, no reaction occurred. Reasoning that the lack of reactivity could be attributed to the equilibrated tetrameric/dimeric nature of PhLi in Et2O, we added PMDTA (N,N,N',N',N''-pentamethyldiethylenetriamine) to convert it into monomeric PhLi•PMDTA (Scheme 3). [43] To our delight, immediate reactivity was observed according to IR monitoring, 3•PMDTA being observed at low temperature. [START_REF]reaction of PhLi•PMDTA with 1 in Et2O revealed two close sets of CO stretches for 3•PMDTA, suggesting that the Li + cation may interact with different moieties in the anionic Mn complex (see Figure S27)[END_REF] By layering the reaction mixture with pentane, we managed to obtain crystals suitable for an sc-XRD analysis that allowed confirmation of the proposed structure for 3 (Figure 3, left). In agreement with the lower frequency of the N≡N stretch recorded for 3 by comparison with 1, the N-N bond length is longer in the former compound (1.138[6] [START_REF]Two independent molecules of 3•PMDTA are found in the unit cell, averaged metrical data are given[END_REF] Compound 3•PMDTA in solution is also sensitive to temperature and vacuum, like unsupported 3, and rearranged into 2•PMDTA in solution above -20 °C according to IR spectroscopy. Signs of decomposition were also evidenced for crystals of 3•PMDTA over few days at -40 °C. Complex 2•PMDTA could be crystallized in similar conditions than for 3•PMDTA. To our surprise, the sc-XRD analysis revealed that 2•PMDTA was not the proposed anionic diazenido complex but a rare example of Mn(I) phenylmanganate compound, [START_REF] Uzelac | For representative examples of structurally characterized Mn(II) arylmanganate complexes[END_REF] [Cp(CO)2MnPh]Li•PMDTA (Figure 3, right). This result indeed pointed to a wrong assignment of the structure of 2, since spectroscopic data of the PMDTA adduct were found very close to those of 2 recorded under Sellmann's conditions (Figures 2C, S20 Yet, to confirm that the change of reaction medium and the presence of the polyamine was not influencing the outcome of this reaction, we decided to carry out an independent synthesis of [Cp(CO)2MnPh]Li (2) in THF in order to compare its spectral signature to the product obtained in the original Sellmann's conditions. Although being a rather simple organometallic species, no preparative method was reported for 2. The reaction of photogenerated [Cp(CO)2Mn(THF)] with PhLi in THF at low temperature led to a mixture of compounds, and most of them decomposed upon isolation attempts. We next wondered whether [Cp(CO)2MnCOPh]Li (4) could not produce 2 upon photo-decarbonylation. [48] Gratifyingly, irradiation of a THF solution of 4, obtained by reacting PhLi with cymantrene, [28] cleanly led to the formation of the -ate complex 2 (Scheme 4). Spectral match (IR and NMR, compare Figures S16-17 and S28-29) with the supposed anionic diazenido compound was noted, pointing conclusively to a misassignment of the structure of product 2. It corresponds de facto to the phenylate complex [Cp(CO)2MnPh]Li , which no longer incorporates N2 and originates from the degradation of 3, which is rapid when the latter is exposed to temperatures higher than -20 °C (Scheme 3). [START_REF] Intriguingly | the same temperature sensitivity was observed by Sellmann in the reaction of 1 with methyllithium that leads above -20 °C to the methylate complex [Cp(CO)2MnMe]Li. The CO stretching frequencies of the latter were reported to be very close to the presumed methyldiazenido complex[END_REF] A B

C ■ 1 ■ 2 ■ PhLi ■ 3 Scheme 3.
Overview of the reactivity of 1 with PhLi. Infrared stretching frequencies from in situ measurements. [47] with thermal ellipsoids set at the 20% (3•PMDTA, 4•PMDTA) and 30% (2•PMDTA) probability levels. For clarity, hydrogen atoms of the PMDTA ligands have been omitted and only one disordered component of the triamine moiety is shown. In both structures, the short contacts (d < Σ rVdW) between the lithium ion and a remote ligand are represented with dashed lines. Selected bond lengths (Å) for 3•PMDTA: Mn1-N1 1.800( 4), Mn1-C1 1.769( 4), Mn1-C2 1.964( 4), N1-N2 1.138( 6), C1-O1 1.163(5), C2-O2 1.243(5), C2-C4 1.517( 6), O2-Li1 1.843 (8). For 4•PMDTA: Mn1-C1 1.745( 3), Mn1-C2 1.958( 3), Mn1-C3 1.758( 4), C1-O1 1.175( 4), C2-O2 1.256( 3), C3-O3 1.179( 4), C2-C4 1.518( 4), O2-Li1 1.864(5). For 2•PMDTA: Mn1-C1 1.7367( 15), Mn1-C2 1.7446( 15), Mn1-C4 2.0430( 15), C1-O1 1.1852( 18), C2-O2 1.1860( 18 

DFT Calculations

The reaction of 1 with PhLi in THF was explored with DFT at the B3PW91 level of theory to verify whether our experimental findings would be supported in silico. The optimized structure of 1 (1opt) is shown in Figure S36. Calculated bond distances and angles as well as representative 1 H and 13 C NMR chemical shifts are listed in Table 1 and compared with those experimentally observed. The computed bond distances and angles accurately reproduce the values obtained experimentally with variations of less than 0.04 Å. The disparities of C-O and Mn-CO bond lengths in the experimental structure of 1 were indeed not found in the computed structure since they were the result of intermolecular short contacts within the crystal lattice. The IR stretching frequencies for the N-N and C-O bonds were calculated [50] at 2191 and 1974 (A'), 1934 cm -1 (A"), respectively, and correspond well to the measured values (2162 and 1965, 1910 cm -1 ). The most representative 1 H and 13 C chemical shifts also show a good agreement between theory and experiment. In order to evaluate the effect of the coordination to the Mn center on the polarization of the CO and N2 ligands, we computed the natural charges of 1 via a NBO analysis (Figure S37). Compared to free CO, which displays a positive and negative charge of +0.50 and -0.50 at the C and O atoms, respectively, the Mn coordinated CO ligand carries an identical natural charge at oxygen (-0.48) but a more positive natural charge (+0.86) at carbon, reflecting the higher CO polarization after coordination. On the other hand, while the coordination of N2 to manganese leaves the charge of the  nitrogen unchanged (0.0), it slightly increases the charge of the  nitrogen (from 0.0 to 0.18), pointing to a lower polarization of the N2 bond compared to the CO one. Therefore, in complex 1, the most positive charge is localized on the C atoms of the CO ligands, indicating that their electrophilicity overcomes that of both the  and  nitrogen atoms of the N2 ligand. In order to rationalize the formation of complexes 3 and 2 we focused on the mechanism involved in the reaction between 1 and phenyllithium in THF. Three mechanistic pathways have been computed, involving the direct nucleophilic attack of phenyllithium onto i) the carbon of one of the carbonyl ligands of 1; ii) the proximal () nitrogen and iii) the distal () nitrogen of the dinitrogen ligand of 1 (Figure 4, variations of the computational parameters can be found in Figures S39-43). The formation of the -phenyldiazenido Mn complex (5opt) is an endothermic reaction (∆H = 9.3 kcal/mol), passing through a transition state, TS1➝5  , located at ∆H = 23.1 kcal/mol. This transition state is prepared by a local minimum adduct (Int1→TS α at 16.2 kcal/mol) in which the Ph anion is not anymore coordinated to the Li center and the Li(THF)3 cation interacts with the N2 ligand of the [CpMn(CO)2(N2)] complex. The nucleophilic attack of phenyl lithium onto the  (distal) nitrogen has an identical kinetic barrier (∆H = 22.9 kcal/mol), although the formation of the resulting phenyldiazenido Mn complex (5  opt) is computed to be an athermic process (∆H = 0.0 kcal/mol). On the other hand, the addition of PhLi onto one of the carbonyl ligands of 1 involves a low energy transition state (TS1➝3, ∆H = 12.7 kcal/mol), affording the -acyl dinitrogen complex (3opt) by a highly exothermic process (∆H = -25.6 kcal/mol). In accordance with the experimental results, these three computed profiles clearly show that the nucleophilic attack of the carbanion on the carbonyl's carbon is favored over those on nitrogen from both a kinetic and thermodynamic point of view. The acylcarbonyl dinitrogen metallate [Cp(CO)(N2)MnCOPh]Li (3) is therefore the only possible product of the reaction between 1 and phenyllithium below -30 °C. The computed structures for 3opt and 3•PMDTAopt, containing respectively the Li(THF)3 + and Li(PMDTA) + cations, are shown in Figure S38. Their most representative distances and angles accurately reproduce the values obtained experimentally (Table S6). The two computed stretching frequencies for the N≡N and C≡O bonds are 2080 and 1864 cm -1 for 3•PMDTAopt and 2092 and 1863 cm -1 for 3opt, respectively. They fall close to the experimental values of 2044 and 1840 cm -1 measured for 3 and 2043 and 1846 cm -1 for 3•PMDTA (in Et2O).

Starting from intermediate 3, we then computed the formation of the final phenylate complex 2, through dinitrogen dissociation. As shown in Figure 4, the formation of N2-free 2opt can be achieved by a two-step process which involves the dissociation of N2 to obtain the N2-free acylcarbonyl intermediate (Int3➝2) followed, at a later stage, by the metallation of the aromatic ring. The two kinetic barriers involved in this process lie 23.5 (TS3➝Int) and 21.2 (TSInt➝2) kcal/mol above 3opt, making the process feasible at temperatures above -20 °C. Although the formation of 2opt is nearly athermal, the loss of dinitrogen in solution is likely to drive the equilibrium towards the phenylate complex. Finally, a pathway connecting the -acyl dinitrogen metallate 3opt with the anionic phenyldiazenido complex 5opt could be computed (Figure 4, orange profile). Phenyl transfer from the carbonyl to the dinitrogen ligand occurs via a C-to-N 1,3-sigmatropic shift at a very high energetic cost (TS3➝5  , ∆H = 70.8 kcal/mol, with an associated kinetic barrier of 96.4 kcal/mol relative to 3opt), making this elementary step improbable under the actual experimental conditions and surely not competitive with the formation of 2. Calculated values for representative 1 H and 13 C NMR chemical shifts, as well as C≡O stretching frequencies for 2opt were indeed found closer to the experimentally recorded ones (Figure 2) than those computed for 5opt (Table S7). 1). Black: enthalpy profile of the experimentally observed pathway consisting of a first nucleophilic attack of PhLi(THF)3 onto one of the CO ligands of 1 leading to 3opt, followed by N2 loss and metalation of the aromatic group to give 2opt. Blue: enthalpy profile of the previously proposed reactivity for 1 where PhLi(THF)3 attacks the proximal () nitrogen of the N2 ligand, leading to 5opt. Green: enthalpy profile of an alternative, hypothetical nucleophilic attack of PhLi(THF)3 onto the distal () nitrogen of the N2 ligand. Orange: calculated pathway connecting 3opt to 5opt via a C-to-N 1,3-sigmatropic shift of the phenyl group.

Conclusion

In this article, we have re-examined the previously reported reactivity of Sellmann's [Cp(CO)2Mn(N2)] complex (1) towards phenyllithium and additionally report its so-far missing structure. Combining experiment and theory, we have found that, contrary to what was initially proposed by Sellmann, the direct attack of phenyllithium on the dinitrogen ligand in 1 to give an anionic phenyldiazenido Mn complex [Cp(CO)2MnN(Ph)=N]Li is unlikely. The compound observed by Sellmann with IR spectroscopy that was assigned to the latter structure is actually the phenyl manganate complex [Cp(CO)2MnPh]Li (2), no longer incorporating N2. We have also discovered that at low temperature, the reaction of 1 with PhLi leads to the formation of the anionic -acyl dinitrogen manganate complex [Cp(CO)(N2)MnCOPh]Li (3) resulting from the attack of the carbanion onto one of the carbonyl ligands in 1. [START_REF] Intriguingly | the same temperature sensitivity was observed by Sellmann in the reaction of 1 with methyllithium that leads above -20 °C to the methylate complex [Cp(CO)2MnMe]Li. The CO stretching frequencies of the latter were reported to be very close to the presumed methyldiazenido complex[END_REF] DFT calculations confirmed the net preference for nucleophilic attack at CO over N2. From 3, CO-to-N2 phenyl transfer to give [Cp(CO)2MnN(Ph)=N]Li has been computed to be kinetically unfeasible, while a pathway has been modelled for the transformation of 3 into the phenylate complex 2, initiated by N2 dissociation.

How Sellmann was able to obtain diazenes from 1 [26b,c] (see Scheme 1) remains an open question. It seems unlikely that the treatment of the N2-free phenyl metallate 2 with an electrophile would afford a diazene complex. We believe 3 may be involved in this transformation, and that it was actually the species that reacted with the electrophile in Sellmann's experiments [START_REF] Deegan | Functionalization of the proximal () nitrogen of an end-on dinitrogen ligand triggered by electrophilic attack at the distal () nitrogen is known[END_REF] its thermal sensitivity precluding its detection in aliquots by IR spectroscopy and leading to the observation of N2-free 2under a mechanism that still has to be unveiled. Yet, our findings show that nucleophilic attack on coordinated N2 remains to be demonstrated. The results of a combined experimental and theoretical investigation on the reactivity of 3 and 2 with electrophiles will be reported shortly.

Scheme 1 .

 1 Scheme 1. Reactivity of N2 complexes (I-II) or N2-derived nitrides (III) with σ-(top-left) or π-electrophiles (top-right) vs. the unique example of nucleophilic attack on the N2 ligand of [Cp(CO)2Mn(N2)] (1) (bottom).

Scheme 2 .

 2 Scheme 2. Synthesis of [Cp(CO)2Mn(N2)] (1).

Figure 1 .

 1 Figure 1. Solid-state molecular structure of 1 along two projections. Thermal ellipsoids at the 30% probability level. Selected bond lengths (Å): Mn1-N1 1.8418(4), N1-N2 1.1144(1), Mn1-C1 1.822(3), Mn1-C2 1.795(3), C1-O1 1.128(4), C2-O2 1.142(4).

  vs. 1.1144[1] Å for 1). To lift any ambiguity arising from discrimination between N2 and CO during structure resolution, we have also prepared and crystallized [Cp(CO)2MnCOPh][Li(PMDTA)] (4•PMDTA) (Figure 3, middle) from cymantrene to ascertain the structure of 3•PMDTA is the one of a genuine dinitrogen complex. Compound 4•PMDTA crystallizes in a different space group than 3•PMDTA, with C-O bonds measuring 1.175(4) and 1.179(4) Å, significantly longer than the N-N bond length in 3•PMDTA (1.138[6] Å). Beyond these disparities, the two structures are rather similar and variations in bond lengths do not exceed 0.03 Å. The lithium ion binds to the acyl's oxygen, and establishes short contacts with a remote N2 (3•PMDTA) or CO (4•PMDTA) ligand. At the macroscopic scale, a striking difference between crystals of 3•PMDTA and 4•PMDTA was that the former visibly evolved gaseous N2 upon warming to RT.

  -21 and S28-29).

Figure 2 .

 2 Figure 2. A) Smoothed (plain lines) and raw (dotted lines) kinetic plots of the reaction of [Cp(CO)2Mn(N2)] (1) with PhLi (1.1 equiv., THF, ca. -30 °C) showing the absorbance of the most intense CO stretching band of the three main species detected by real-time IR monitoring. B) IR spectra recorded at different times of the reaction. ♦︎ [CpMn(CO)3] present in the starting material; ☆ 2, separated ion pair. C) Stacked spectra of 1 H-(left, 600 MHz) and 13 C{ 1 H}-NMR (right, 150 MHz) monitoring in THF-d8 at low temperature focusing on the Cp/aromatic and carbonyl regions, respectively. ☉ C6H6; ✧ [Cp(CO)2MnCOPh]Li (4).

Figure 3 .

 3 Figure 3. Solid-state molecular structures of 3•PMDTA (left), 4•PMDTA (middle) and polymeric 2•PMDTA (right),[47] with thermal ellipsoids set at the 20% (3•PMDTA, 4•PMDTA) and 30% (2•PMDTA) probability levels. For clarity, hydrogen atoms of the PMDTA ligands have been omitted and only one disordered component of the triamine moiety is shown. In both structures, the short contacts(d < Σ rVdW) between the lithium ion and a remote ligand are represented with dashed lines. Selected bond lengths (Å) for 3•PMDTA: Mn1-N1 1.800(4), Mn1-C1 1.769(4), Mn1-C2 1.964(4), N1-N2 1.138(6), C1-O1 1.163(5), C2-O2 1.243(5), C2-C4 1.517(6), O2-Li1 1.843(8). For 4•PMDTA: Mn1-C1 1.745(3), Mn1-C2 1.958(3), Mn1-C3 1.758(4), C1-O1 1.175(4), C2-O2 1.256(3), C3-O3 1.179(4), C2-C4 1.518(4), O2-Li1 1.864(5). For 2•PMDTA: Mn1-C1 1.7367(15), Mn1-C2 1.7446(15), Mn1-C4 2.0430(15), C1-O1 1.1852(18), C2-O2 1.1860(18), O1-Li1 1.969(3), O1•••Li1 2.208(3).

  Figure 3. Solid-state molecular structures of 3•PMDTA (left), 4•PMDTA (middle) and polymeric 2•PMDTA (right),[47] with thermal ellipsoids set at the 20% (3•PMDTA, 4•PMDTA) and 30% (2•PMDTA) probability levels. For clarity, hydrogen atoms of the PMDTA ligands have been omitted and only one disordered component of the triamine moiety is shown. In both structures, the short contacts(d < Σ rVdW) between the lithium ion and a remote ligand are represented with dashed lines. Selected bond lengths (Å) for 3•PMDTA: Mn1-N1 1.800(4), Mn1-C1 1.769(4), Mn1-C2 1.964(4), N1-N2 1.138(6), C1-O1 1.163(5), C2-O2 1.243(5), C2-C4 1.517(6), O2-Li1 1.843(8). For 4•PMDTA: Mn1-C1 1.745(3), Mn1-C2 1.958(3), Mn1-C3 1.758(4), C1-O1 1.175(4), C2-O2 1.256(3), C3-O3 1.179(4), C2-C4 1.518(4), O2-Li1 1.864(5). For 2•PMDTA: Mn1-C1 1.7367(15), Mn1-C2 1.7446(15), Mn1-C4 2.0430(15), C1-O1 1.1852(18), C2-O2 1.1860(18), O1-Li1 1.969(3), O1•••Li1 2.208(3).

Scheme 4 .

 4 Scheme 4. Photochemical synthesis of the phenyl manganate complex 2.

Figure 4 .

 4 Figure 4. Enthalpy profiles at the B3PW91/SMD level of theory (6-31G** for C, N, O, H, 6-311++G** for Li and SDDALL for Mn) for hypothesized and experimentally verified reactivity for [Cp(CO)2Mn(N2)] (1). Black: enthalpy profile of the experimentally observed pathway consisting of a first nucleophilic attack of PhLi(THF)3 onto one of the CO ligands of 1 leading to 3opt, followed by N2 loss and metalation of the aromatic group to give 2opt. Blue: enthalpy profile of the previously proposed reactivity for 1 where PhLi(THF)3 attacks the proximal () nitrogen of the N2 ligand, leading to 5opt. Green: enthalpy profile of an alternative, hypothetical nucleophilic attack of PhLi(THF)3 onto the distal () nitrogen of the N2 ligand. Orange: calculated pathway connecting 3opt to 5opt via a C-to-N 1,3-sigmatropic shift of the phenyl group.

Table 1 .

 1 Comparison of representative bond lengths (Å), angles (°) and chemical shifts (ppm) obtained experimentally by sc-XRD and NMR analyses on 1, with those of the DFT-optimized 1opt.

	Complex	1	1opt
	N≡N	1.1144(1)	1.119
	C≡O	1.128(4), 1.142(4)	1.160
	Mn-CO	1.822(3), 1.795(3)	1.775, 1.776
	Mn-N	1.8418(4)	1.835
	Mn-CCp	2.137(3) a	2.150
	Mn-N-N	178.44	177.7
	H Cp	4.87	4.79
	C Cp	83.0	85.0
	C CO	229.0	230.8

a averaged metrical data
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