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INTRODUCTION

Transition metal complexes play a decisive role in the transformation of simple organic substances and generation of important innovative derivatives such as technological precursors, materials for science and industry, new polymers and medicines [1]. This is related to their structural peculiarities and flexibility, and, in the case of complexes of polyaromatic ligands (PALs) for instance, it is mainly due to their propensity to undergo different intramolecular inter-ring rearrangements [2]. Recently, the ability of such complexes to catalyze many organic reactions was fully recognized [3]. Their catalytic action is often explained by the generation of intermediates and/or transition states with reduced hapticity, in the course of such rearrangements or reactions with substrates. Additional coordination capabilities promote binding of the substrate and reagents to the metal and their further transformations within the coordination sphere of the metal. Moreover, transition metal PAL complexes are widely used for the activation of different positions in the aromatic ligands and their further derivatization by reactions with electrophiles [4] and nucleophiles [5]. All of this has led to significant prospects of transition metal PAL complexes in the fields of material chemistry [6] and pharmacology [7]. In medicine, such complexes are used as drugs, in particular, against malaria [8] and as anti-HIV and antineoplastic agents [9], as well as contrast agents in MRI [10]. Recently, it was also shown that some of these compounds are very valuable as precursors for constructing new electronic [11], optical [12], sensor and switch [13] devices.

A lot of information and data is devoted to complexes of transition metal with monoaromatic ligands [14] but considerably less to complexes of PALs [4], especially, to compounds with extra-large ligands, which are sometime elusive or at least problematic to characterize, such as corannulene [15], coronene [16], fullerenes [17], nanotubes [18], graphites [19], and graphenes [19].

PAL complexes are interesting per se, due to their diverse dynamic behavior [20]. For the past three decades, intramolecular reversible and irreversible inter-ring haptotropic rearrangements (IRHRs) in these complexes were intensively studied. Such processes consist of the shifting, from one ring to another one, of the ML n organometallic groups along the plane of the carbo- [21] or heterocyclic [22] PALs. A few examples of η 6 η 6 -π, π-IRHRs for readily available, stable and exhaustively investigated Cr(CO) 3 complexes are presented in Scheme 1.
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Scheme 1. Examples of some inter-ring haptotropic rearrangements

It should be noted that usually IRHRs occur in complexes of PALs which do not contain heteroatoms (such as naphthalene [23] or biphenylene [24]), and only little is known about η 6 η 6 -IRHR in fluorene-like compounds containing ligands with at least one heteroatom in the five-membered ring (such as dibenzothiophene [22] or carbazole derivatives [25]). According to density functional theory (DFT) calculations [21], these rearrangements proceed via the ligand periphery and direct heteroatom participation was not found. This situation changed with the pioneering papers of Parkin and co-workers [26,27] on Mo complexes of PALs containing nitrogen atom(s): indolyl, quinoline, isoquinoline and quinoxaline. First of all, an unusual Mo η 5 -complex of indolyl, I-a, was synthesized, where the organometallic group (OMG) unexpectedly binds to the nitrogen-containing ring. This complex was obtained from the corresponding η 1 -complex I-c under the conditions of phosphine shortage. In very mild conditions, I-a (80°C, benzene) rearranges irreversibly to Ib via a thermally induced η 5 →η 6 -IRHR. It is noteworthy that the reverse process could be induced photochemically and probably proceeds reversibly [26] (Scheme 2).
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4 Scheme 2. IRHR in Mo complex of indolyl Then, η 6 η 6 -IRHR was investigated for the first time in complexes of Mo with heterocyclic analogs of naphthalene, namely, quinoline, isoquinoline and quinoxaline [27]. All the studied rearrangements are depicted in Scheme 3. For example, the reaction of quinoline with Mo(PMe 3 ) 6 (80°C, benzene) leads to an η 6 -complex with metal localization on the heterocyclic ring (II-a), which is thermally unstable. A metal shift occurs between the heteroand carbo-cyclic rings with the formation of the η 6 -complex II-b. Reaction of isoquinoline with Mo(PMe 3 ) 6 at room temperature leads to the formation of a kinetic η 2 -product (Scheme 3). At 100°C in benzene, this η 2 -product irreversibly rearranges to the η 6 -complex III-a with the coordination of the OMG on the heterocyclic ring. But, similarly as for quinoline, such coordination is thermodynamically unfavorable and, in the course of further temperature increase up to 150°C, III-a irreversibly rearranges to the carbocyclic complex III-b. The reverse η 6 η 6 -IRHR when the OMG migrates from the carbocyclic to the heterocyclic ring (III-b → III-a) proceeds photochemically and irreversibly at room temperature. As well as in the case of the two other ligands, the quinaxoline complex IV-a was found thermodynamically unstable, and it irreversibly rearranges at 130°C to the isomer having the localization of the OMG on the carbocyclic ring. The reverse η 6 η 6 -IRHR when the OMG migrates from the carbocyclic to the heterocyclic ring proceeds photochemically and irreversibly at room temperature. 

COMPUTATIONAL DETAILS

All the geometry optimizations, characterizations of stationary points and calculations of reaction energy profiles have been performed on an MVS-100K supercomputer at the Joint Supercomputer Center (JSCC) (Moscow), at the DFT level with the PRIRODA-04 program written by Laikov [28]. We used the PBE functional [29], the TZV2P three-exponential basis set of Gauss-type functions for valence electrons [28] (basis set specification: {3,1}/{5,1} for H, {3,3,2}/{5,5,2} for C, N, and P and {5,5,4}/{9,9,8} for Mo), and the TZV2p (SBK-JC) relativistic pseudopotential [30] for core electrons of all the atoms of the molecular systems for which calculations were performed. We have shown previously the validity of this approach for evaluating geometries, mechanisms and thermodynamic parameters of In order to get a more detailed picture of the bonding within the computed stationary points, fragment interaction analyses have been performed on these structures, at the GENCI French national computer centers, with the help of the ADF2013 program [32], the fragments being the PAL on one side and the ML n unit on the other side. Indeed, the ADF code enables analyzing the Kohn-Sham molecular orbitals on the basis of the fragment orbitals, allowing identification of those responsible for bonding and electron transfer. The ADF calculations were carried out as single-points on the PRIRODA-optimized structures with the PBE functional and an STO all-electron TZ2P basis set [33].

RESULTS AND DISCUSSION

Naphthalene complex. In order to elucidate the role played by the heteroatom(s) in the above described IRHR processes, we have first performed calculations on the naphthalene analog of complexes II-IV, (η 6 -C 10 H 8 )Mo(PMe 3 ) 3 (V) as a fully carbocyclic mechanistical reference [35]. Experimentally, the degenerate η 6 →η 6 -IRHR rearrangement of V can be observed only with the use of labeled ligands, but no such experiments have been performed so far. The full The lower aromatic nature of quinoline as compared to naphthalene allows an easier out-ofplane distortion which in turn allows the fairly unsymmetrical η 4 -coordination mode adopted in II-TS4. The fragment interaction analysis indicates a donation of 0.43e from the occupied orbitals of quinoline into the metal accepting orbitals, of which 0.08e can be considered as providing from the N lone pair. This is illustrated in the MO diagram of Figure 3, in which are sketched the stabilizing interactions between the HOMO (major involved π-type occupied orbital) and the lone-pair MO of quinoline, and the set of the three hybrid-type accepting orbitals of the Mo(PMe 3 ) moiety. [START_REF]the frontier orbitals of an ML 3 fragment[END_REF] The major occupied MO of II-IM2 which is associated with the Mo-N bonding through the participation of the N lone pair is plotted in Figure 4, side by side with its homolog in II-TS4. Thus, the ligand-to-metal electron donation is larger in II-TS4 than in V-IM or V-TS. A similar situation arises for the metal-to-ligand backdonation which is of 0.90e in II-TS4, due to the lowest energy of the three vacant π* orbitals of the Ncontaining quinoline ligand which can substantially interact with the three occupied "t 2g "type, as sketched in Figure 3. [START_REF]the frontier orbitals of an ML 3 fragment[END_REF] Thus, the movement along the heteroatom-containing side is facilitated as compared to moving along the other side. Such possibility was discussed by Czerwinski et al. [35] because of a higher rate found for the IRHR in η 6 -chromium

reaction path V → V-TS → V-IM → V-TS' → V is presented in Figure 1
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tricarbonyl complexes of ortho-aminobiphenyl in comparison with the corresponding paraisomer (Scheme 4). Later, this assumption was confirmed by theoretical calculations [36]. As opposed to the IRHR for the complexes of quinoline, this IRHR proceeds according to a single mechanism III-a → III-TS1 → III-IM → III-TS2 → III-b (Figure 5). In this process, the metal trajectory is direct, crossing approximately the middle of the central C-C edge. All attempts to find alternative mechanisms in which the metal shifts along either the carbocyclic or heterocyclic edge of the ligand were unsuccessful. This process, in which the nitrogen atom is not involved, is characterized by a rather high energy barrier (∆G 150°C = 35.2 kcal/mol). III-TS1, III-IM and III-TS2 are close in geometry and energy. They are characterized by a η 4coordination mode of isoquinoline, this ligand being strongly folded away from planarity.

Whereas the bonding energy between the OMG and the conjugated ligand is larger in III-IM, as compared to II-TS4 (-3.19 eV vs. -2.39 eV, respectively), it is largely balanced by the energy loss associated with the folding of isoquinoline, thus resulting in a considerably higher barrier than in the case of the quinoline complex II. Quinoxaline complex. Quinoxaline has two nitrogen atoms symmetrically located on one of the aromatic rings (Scheme 3). As in the previous cases, the complex with the metal atom located on the carbocyclic ring is thermodynamically more stable, with an even larger free energy preference (∆∆G 130°C = -7.2 kcal/mol). Both sides of the ligand being symmetrical, a unique η 6 →η 6 -IRHR pathway was found according to the scheme IV-a → IV-TS1 → IV-IM → IV-TS2 → IV-b (Figure 6) with an activation barrier ∆G 130°C = 32.6 kcal/mol which is also higher than the lowest one found for the IRHR in II, despite of the fact that IV-TS1 and IV-IM are quite structurally similar to II-TS3 and II-IM2. In particular, as for II-IM2, IV-IM exhibits the same η 2 -C=N coordination with an additional Mo-C long contact of 2.62 Å, with a N lone pair donation to Mo of 0.14e. On the other hand, IV-TS2 looks more like V-IM (or V-TS) rather than II-TS4 (compare Figures 2, 5 and6). Indeed, it is η 3 rather than η 4coordinated and the reason for that is that quinoxaline remains close to planarity, contrarily to oxaline in II-TS4. In IV-TS2 the occupied orbitals of quinoxaline donate 0.30e, of which 0.06e come from the N lone pair. The backdonation into the quinoxaline π* orbitals is 0.69e.

All these results suggest that the rigidity of quinoxaline, as compared to quinoline, renders the IRHR more energy demanding, in apparent contradiction with experimental facts. Indeed, according to Parker and coworkers [27], in the case of IV the IRHR from the heterocyclic to the carbocyclic ring proceeds at 130°С, as compared to 150°С for II. However, without Rather, the bonding situations of TS1 and TS2 are rather similar (Figure 7). In TS1 and TS2, the π MOs of the indolide anion donate 0.66e and 0.61e to the [Mo(PMe 3 ) 3 H] + moiety, respectively. The backdonation into the indolide π* MOs is 0.65e and 0.56e, respectively. As a result, the bonding energy between the fragments is slightly larger in I-TS2 than in I-TS2

(5.28 eV vs. 5.18 eV). Despite the fact that the favored rearrangement pathway does not proceed through the heteroatom side, the activation barrier is lower than for the IRHRs computed for the isoquinoline and quinoxaline species, but still higher than for the quinoline species, in which there is a clear participation of the nitrogen atom in the course of the rearrangement. 

SUMMARY AND CONCLUSIONS

We have investigated by DFT the IRHR mechanisms in a series of MO complexes hetero-PALs containing nitrogen and isoelectronic to naphthalene (quinoline, isoquinoline, quinoxaline and indolyl additionally). The computed data are in good correspondence with the available experimental structural and kinetic data [26,27]. With PAL = quinoline, the activation barrier is lowered (as compared to its naphthalene analog) by the participation of the nitrogen lone pair to the bonding in the IRHR process, as well as the larger flexibility of the ligand. This flexibility is due to the less aromatic nature of the hetero-ligand and allows an out-of-plane distortion in the crucial transition state which in turn allows maximizing metal-PAL bonding. In the case of isoquinoline, the heteroatom position is unfavorable for intervening efficiently in the transition state and the electronic perturbation it induces is different from the quinoline case. Thus, a different IRHR process with higher activation energy occurs. In the case of quinoxaline the stronger rigidity of the ligand leads also to OMG moiety, the system with PAL = indolyl is somewhat different from the other ones. The ligand remains very close to planarity all along the process and no participation of the nitrogen lone pair to the bonding the IRHR pathway is found. Rather, the process going along the carbocyclic edge opposite to nitrogen is slightly preferred. Nevertheless, the activation energy is computed to be only slightly higher than that of the quinoline species and is probably close to that of its indenyl relative. Finally, it should be noted that the possibility of alternative mechanisms involving σ-N intermediate structures was tested and should be ruled out according to our calculations. Theoretical consideration of the inverse photochemical processes (see Schemes 2 and 3) is in progress.

Finally, it is worth to mention that our computed results on these transition complexes of nitrogen-containing PALs, which have been useful in understanding their experimental behavior [26,27], are important for further progress in the investigation of dynamic activity of heterocycle organometallic complexes. In turn this is important for clarifying the role of heteroatom in the barriers of metal movement along the ligand, with respect to catalytic activity. It is important for material science because carbon atoms in graphene, nanotubes, graphite, fullerenes… could be replaced by heteroatoms in a way that can increase dynamic activity and improve catalytic and material advantages of such compounds.
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5 Scheme 3 .

 53 Scheme 3. IRHRs in Mo complexes of quinoline, isoquinoline and quinoxaline

  organometallic reactions [4,[20][21][22][23][24]. Moreover, it has been checked that the available X-ray structures of the complexes investigated in this work are correctly reproduced by the calculations, in terms of both conformations and bond distances and angles (see Section S1 inM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 6the SI). For example, the average deviation of the computed distances with respect to the experimental ones is only 0.05 Å. All the stationary points were identified by analyzing Hessians. Hapticities of the stationary and transition states were deduced from bond distances and bond orders[START_REF] Bader | Atoms in molecules[END_REF] (see Section S2 in the SI). The thermodynamic functions (Gibbs activation energies, ∆G) were calculated using statistical rigid rotator-harmonic oscillator equations. The correlation of the observed transition states with the corresponding potential energy surface minima was checked by constructing internal reaction coordinates (IRC). The reaction energy profiles plotted in Figures1,2, 5-7, correspond to the computed IRC curves (total energy ∆E vs. reaction coordinates).

Figure 1 . 8 ∆G

 18 Figure 1. IRC energy profile for the degenerate IRHR V V. Note that V-TS, V-IM and V-TS' are almost isoenergetic.

Figure 2 .

 2 Figure 2. IRC energy profiles for the IRHR II-a II-b.
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 34112 Figure 3. Simplified MO interaction diagram for II-IM2

Figure 5 .

 5 Figure 5. IRC energy profile for the IRHR III-a III-b.

Figure 6 .

 6 Figure 6. IRC energy profile for the IRHR IV-a IV-b.

Figure 7 .

 7 Figure 7. IRC energy profiles for the IRHR I-a I-b.

  than for quinoline. With one five-membered ring and a four-leg
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The heteroatom highly facilitates IRHR in a quinoline Mo complex.

The N lone pair participates to the transition state stabilization. The position(s) of nitrogen atom(s) on the heterocyclic ligand is (are) crucial.