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C-C Bond Breaking in Addition-Elimination Reactions on Nitriles

The nucleophilic addition of organometallics to nitriles leads to an imine-type intermediate. When the -position is substituted with a carbanion stabilizing group, an elimination can follow resulting in a C-C bond breaking. This paper proposes a computational study of this step. Starting from the transnitrilation reaction by DMMN (dimethylmalononitrile), a comparison of several methods shows that the PBE0-D3 level is suitable for this study. The imine adducts display particularly stretched C-C bond and thus the computed barriers are low. Both electronic and steric effects influence the leaving group ability as well as its interaction with the metal.

Introduction

Nitriles appear as a fundamental functional group in synthetic organic transformations [1] and are present in many products of interest such as medicinally active natural products or pharmaceuticals. [2] Therefore strategies for efficient cyanations have been considerably developed. [3] One of them consists in using reagents that behave as formal CN + cation donors to achieve cyanation of a large variety of nucleophiles. [START_REF] Schörgenhumer | [END_REF] The common feature in the proposed mechanisms is the formation of an addition intermediate followed by an elimination. Such fragmentation involves the breaking of various C-heteroatom bonds depending on the nature of the reagent. These include the C-N (cyanamides), [5] C-O (cyanates), [6] C-S (thiocyanates) [7] or C-I (hypervalent iodine reagents) bonds. [8] When the reaction takes place from simple nitriles, a C-C bond cleavage can occur as shown in Scheme 1. [9] The nucleophilic addition to nitriles is a common way to synthesize carbonyl compounds after hydrolysis of the imine adduct intermediate (path a). [10] These imine intermediates could also further react with nitriles leading to triazine derivatives. [11] Here we shall concentrate only on the addition-elimination pathway, which is relevant when the -position is substituted with a carbanion stabilizing group. When the elimination proceeds (path b), the overall addition-elimination process corresponds to an electrophilic cyanation of the nucleophilic reagent. On the other hand, a reductive decyanation operates on the starting nitrile. This transformation allows for the removal of the cyano group after using its beneficial aspects in synthesis. [12] Scheme 1. General mechanism for cyanation and decyanation pathways.

The dual aspect of this reaction (cyanation and reductive decyanation) makes it very attractive. We have noticed that such addition-eliminations involving C-C bond breaking were proposed or could be involved in various chemical transformations. Scheme 2 is related to the reductive decyanation of aryl substituted tertiary nitriles with NaH in THF in the presence of LiI or NaI. [13] Scheme 2. Examples of decyanations using NaH/LiI composite.

Experimental evidences and a computational study support the addition-elimination pathway described in Scheme 3 on dimethylphenylacetonitrile. The first step is the hydride addition to the CN triple bond with formation of an iminyl anion intermediate. The latter easily isomerizes to its isomer where a sodium cation- interaction occurs. The last step involves a C-C bond cleavage and concerted proton transfer with elimination of NaCN and formation of the decyanation product. A similar mechanism has been previously proposed for the reductive decyanation promoted by LiAlH4 on 2,2-diphenylpropionitrile and related structures. [14] Good yields are usually obtained after 2.5 h. The 4methoxyphenyl group decreases the reaction rate (compare 2b,e with 2a,c,d). With the electron-rich aryl group, longer reaction times are needed and only a 37% yield of the decyanation product 2b is isolated after 2.5 h. Simultaneously, a 42% yield of aldehyde 3 is formed after quenching with water, probably as a result of hydrolysis of the imine intermediate. [13] Scheme 3. Proposed pathway for decyanation by NaH.

Kulp and Romanelli treated a series of alkyldiphenylacetonitriles with MeLi or PhLi in refluxing ether (Scheme 4). [15] The authors did not investigate the mechanism but their findings are consistent with an addition-elimination pathway. The separation of products from the reaction mixture was difficult but the authors were able to isolate the decyanation product or, using PhLi, benzophenone resulting from the addition of the excess of the arylllithium to the generated benzonitrile. The reactions with PhMgBr show that the reductive decyanation was more sluggish with Grignard reagents. The reactions of PhMgBr with 2,2-diphenylbutanenitrile or 2,2diphenylpropanenitrile lead exclusively to the addition product. From 2,2-diphenylhexanenitrile, a 72% yield of addition was obtained in refluxing toluene but, interestingly, 80% of decyanation was observed around 180 °C in an experiment where "the solvent was inadvertently evaporated". [15] The decyanation of diphenylacetonitriles with Grignard reagents was previously described but reports suggest that the amount of decyanation might strongly depend on nitrile structures and experimental conditions. [16] Scheme 4. Reductive decyanation promoted by organolithiums.

We propose, through a computational study, to bring a fresh perspective to this reaction. In a first part, based on the transnitrilation of organometallics using dimethylmalononitrile (DMMN), [17] we compare calculations that lead us to select the more appropriate computational level. Then, by changing the structure of the nitrile and nucleophile, we investigate the structure-reactivity relationship of the imine-type intermediate. As much as possible our discussion will be related to experimental data. Newly, our study highlights some intermediates with stretched C-C bonds. The generation and characterization of species with unusually long C-C bonds has received lately great interest from the point of view of the computational description as demonstration of the importance of intramolecular London dispersion interactions. [18] Our preliminary study on the computational approach has been motivated by the work by Reeves et al. The authors investigated the transnitrilation of aryl Grignard reagents with dimethylmalononitrile (Scheme 5) to obtain the benzonitrile and the isobutyronitrile anion. [19] Aryllithiums generated in situ at -78 °C from aryl bromides and nBuLi also react with DMMN at -78°C-r.t. to yield aryl nitriles in high yields. Interestingly, they further developed a transnitrilation/SNAr sequence where the isobutyronitrile anion was used as nucleophile in an aromatic substitution reaction. [20] For this transnitrilation reaction, a mechanism through an imine adduct was proposed. Experimental evidences suggest an equilibrium between the imine and the dissociated complex: IR monitoring was consistent with the formation of benzonitrile, the isobutyronitrile anion and the imine intermediate. Moreover, quenching the reaction mixture after 30 min with water, led to the corresponding ketone in 15% isolated yield. Small quantities of the ketone were detected "even after extended reaction times". [19] Scheme 5. Transnitrilation of Grignard reagents with dimethylmalononitrile. Evidence for the ketimine intermediate. The energetic diagram as obtained in reference 19 is reproduced: ZPE-corrected electronic energies (in kcal mol -1 ) were at the B3LYP/LanL2DZ level of theory, by using the SMD implicit solvation model and one explicit THF molecule. Gibbs-free-energy values are shown in brackets.

Their computational investigation indicates, however, a clear exergonic retro-Thorpe fragmentation from the imine intermediate 5a, the fragmented complex 6a is 13 kcal mol -1 lower than the proposed intermediate. Furthermore, the forward process has a tiny barrier of 2.4 kcal mol -1 and, as a consequence of the exergonicity, a much higher reverse barrier of 15.4 kcal mol -1 . Even if the equilibrium should be displaced towards the fragmented complex, favored from an entropic point of view, our question is whether the computed difference in energy between the imine 5a and the fragmented complex 6a is somewhat overestimated.

Results and Discussion

The transnitrilation of organometallics using dimethylmalononitrile: a preliminary study

We reexamine first results obtained from Reeves et al. on the fragmentation problem. We computed the whole reaction pathway including the addition step of complex 4a. [START_REF]a development of University of Karlsruhe and Forschungszentrum Karlsruhe GmbH[END_REF] Scheme 6 outlines a comparison between PBE0-D3 and B3LYP/def2TZVP levels of theory. In these calculations one explicit THF molecule was included. Our B3LYP values differ only slightly from those from Reeves et al., by at most 2.7 kcal mol -1 in the energies of 6a and of the transition state to 6a, relatively to 5a. [22] Starting from bulky reactants, additions of Grignard reagents to nitriles are slow processes. [START_REF] Weiberth | [END_REF] However, hindered DMMN appears quite reactive as a result of an increases of electrophilicity of the cyano group. The computed barriers for the addition is quite high at the B3LYP level, values at the PBE0-D3 level fit better with the feasibility of the reaction at experimental conditions (30 minutes, 0°C-r.t.).

Besides the energy of 6a, a remarkable difference between the computed values is the larger stability of intermediate 5a with the PBE0-D3 method: the fragmentation barrier increases while the reaction appears much more exothermic with the B3LYP method than with PBE0-D3. As expected, the entropic term favors the fragmentation and the dissociated complex 6a is stabilized in term of G. In order to compare the accuracy of several methods, we focused on electronic energies (containing the ZPE). From here, reported energies are relative to the imines. Initially, we performed calculations on very simple model systems, where the MgBr moiety is replaced by a hydrogen also bearing a partial positive charge. We are aware that this reaction would not occur, [START_REF] Malapit | studies on rhodium catalyzed transnitrilation of aryl boronic acids with DMMN the mechanism proposed involves the fragmentation of a ketenimine intermediate efficiently promoted by a strong base (Cs2CO3). Under mild basic conditions (proton sponge) this intermediate is stable and can be hydrolyzed into a ketone[END_REF] but it allows for systematic accurate calculations to detect a possible B3LYP over-stabilization of the fragmented complex with respect to the imine. A set of several starting imine intermediates was chosen, to be able to quantify possible effects due to the nature of groups R 1 and R 2 . We compare results from B3LYP, [25] PBE0, [25c, 25e, 26] PBE0-D3, [27] and M06-2X [28] to reference SCS-MP2 [29] and CCSD(F12*)(T) [30] data (Figure 1). Calculations for the MgBr containing systems were performed by using the DFT and the SCS-MP2 methods. Results are collected in Figure 2. Structures have been optimized at each level, but for the CCSD(F12*)(T) level, results are obtained from single-point calculations on PBE0-D3 structures. [30] The basis set if of def2-TZVP quality [31] for DFT and SCS-MP2 calculations. We used the cc-pVDZ-F12 [32] with the appropriate auxiliary basis sets for the CCSD(F12*)(T) calculations. The RI-J technique was used to reduce the computational cost. [31a] Scheme 6. Comparison between computed energetic profiles for the transnitrilation of pheylmagnesium bromide with DMMN. ZPE-corrected electronic energies (in kcal mol -1 ) are obtained at the B3LYP/def2-TZVP and PBE0-D3/def2TZVP levels of theory. Gibbs-free-energy values at 298.15 K are shown in brackets. One molecule of explicit THF was added.

In the model systems, the elimination processes are endothermic. The SCS-MP2 results are very close to those obtained with the reference level. The B3LYP results for the difference in energy between imines and fragmented complexes deviate from the CCSD(F12*)(T) reference results by 5 up to 16 kcal mol -1 . The other functionals are performing much better, notably PBE0-D3 and M06-2X have errors of less than 5 kcal mol -1 . It is noteworthy that B3LYP and, to a lesser extent, PBE0 show the larger errors for the most substituted cases (R 1 , R 2 ) = (Me, Me) and (Ph, Me): the lack of dispersion corrections for those functionals induces an overestimation of the steric decompression that follows the elimination process, leading to an artificial destabilization of the imine. Values for computed barriers (from imines to fragmented complexes) are not surprising: as expected, DFT methods are all underestimating the energies of the transition states (see Figure S1 in Supporting Information). In order to validate the results obtained for the model systems, MgBr containing systems were treated by several methods. We could not perform CCSD(F12*)(T) calculations on them, however the (Ph, Me) case was computed at the SCS-MP2 level, as this method gives very close results to the CCSD(F12*)(T). Energies and barriers are drastically reduced with respect to the model systems (Figure 2). Trends on the methods are as for the model systems. It is only with the B3LYP functional that the fragmented complex is clearly energetically favored. This is remarkable for the (Ph, Me) case, where the B3LYP result suffers of the overestimation of the structural decompression. With the PBE0 method, the product is almost isoenergetic with respect to the imine and becomes, using dispersion correction, slightly disfavored as with the other methods. However, we remind the reader that Figure 2 shows differences in total energies (corrected by the ZPE) but a stabilization of the complex is expected by considering the entropic term. Figure 2. ZPE-corrected electronic energies in kcal mol -1 of the transition state (Ts) and fragmented complex with respect to the imine, for the MgBr containing system. Substituents in brackets refer to (R 1 , R 2 ). One molecule of explicit THF was added.

Is there an explanation for the behavior of the B3LYP functional that destabilizes 5a with respect to 6a? Why does the MgBr mediated elimination, which implies the breaking of a C-C bond, have such low barriers? To give some insights, the computed C1-C2 bond distances in the imines are reported in Table 1. The B3LYP values are systematically somewhat longer than those computed at the other levels: in the model systems the discrepancy is very small (about 1 pm with respect to the other methods), but it becomes more relevant when X = MgBr (3 to 6 pm). This overestimation of the C-C bond distance correlates well with the energetic results, since it implies that the imine systems are too destabilized with respect to the transition states and the fragmented complexes at the B3LYP level. Our calculations reveal a difficulty for the B3LYP method to properly describe a systems containing a stretched C-C bond (in this case Csp 2 -Csp 3 ). We have already encountered this problem for (benzo)cyclobutene derivatives with strained C-C bonds, for which differences in energy between closed and open forms (dienes) are also biased with the B3LYP functional in favor of the open forms. [33] Table 1. Computed C1-C2 distances in the imine systems (pm). Substituents in brackets refer to (R 1 , R 2 ). We notice, however, that the peculiar feature of the imine is indeed the stretched C-C bond (Table 1). The C-C bond distances are at the upper limit of usual single C-C bonds (Csp 2 -Csp 3 = 151 pm) already in the model systems. The feature is strongly enhanced by the MgBr group, where C-C bond distances are computed to be about 160 pm, clearly longer than usual single C-C bonds. This structural feature is significant, since it reveals that the C-C bond is weakened in the imine and explains that barriers for elimination are low.

The lack of dispersion in the B3LYP and PBE0 treatments leads to an overestimation of the steric decompression that follows the elimination. This could explain, at least in part, the reason why the barrier from 4a to 5a is higher at the B3LYP than at the PBE0-D3 level (Scheme 6). Moreover, the B3LYP functional does not treat properly the imine systems, resulting in too high an energy for stretched C1-C2 with respect to the fragmented complex. The other methods better account for the equilibrium between 5a and 6a and the use of dispersion improves PBE0 results. In recent contributions, [18] the existence of species with long Csp 3 -Csp 3 bonds has been demonstrated and successfully treated by using DFT methods including corrections for dispersion effects. For those cases, the existence of the C-C bond, which is elongated, is related to strong intramolecular London interactions between bulky groups and the B3LYP-D3(BJ) level of computation recovers a good description of those systems (as M06-2X or PBE0-D3). In our case, it is necessary to take into account dispersion effects as well, however the elongation of the C-C bond is inherent to the nature of the imine and is relevant for cases where the steric hindrance is modest (Table 1).

Finally, the feasibility of the elimination is related to the weakness of the C1-C2 bond. We shall check this correlation in the following section for several cases, which will be treated at the PBE0-D3 level of theory.

Comparison of study cases.

Table 2 collects results for structures related to Schemes 2-5. All structures displayed in Table 2 show stretched C1-C2 bonds (158-164 pm). Differences in distances are small but, overall, for related structures, the shorter values lead to higher barriers. This is obvious when including explicit solvation in 9b, or when Li is replaced with MgBr (compare 9c and 10).

We discuss first effects of the leaving group M-R (Scheme 1, M = MgBr, Na, Li). We compare eliminations from adducts of dimethylmalononitrile (structures 5a-5b, M = MgBr). When the two methyl groups are replaced with hydrogens, the +I effect of the methyl groups is expected to disfavor elimination by destabilizing the incipient negative charge at the -position. [START_REF] Cram | Fundamentals of Carbanion Chemistry[END_REF] Nevertheless, the barrier increases and the elimination appears more endothermic: the relief of steric strain upon elimination is more pronounced and overcomes the unfavorable electronic effect. We consider -aryl substituted imines, M = Na: structures 8a-8b show that the substitution of the phenyl group with a p-methoxy leads to a significant increase of the elimination barrier in agreement with the decrease of the reaction rate experimentally observed (Scheme 2). Compared to the phenyl, the pmethoxyphenyl group destabilizes the negative charge triggered at the benzylic position upon the C-C bond cleavage, steric effects are negligible and the barriers fit with the pKa of the leaving group. By comparing structures 9a and 9b (M = Li), we notice that replacing a methyl group with a phenyl at the -position brings beneficial electronic and steric effects and makes the C-C bond cleavage easier. [START_REF] Charton | Studies suggest that the phenyl group has a larger size than methyl, see[END_REF] When the methyl group in 9b is replaced with a phenyl group (9c) the barrier increases. In this case, the electron-withdrawing effect of the phenyl group could play a role by stabilizing the imine. [6e, 36] Finally, leaving groups affect both electronically and sterically the reactivity: in the transition state, delocalization of the negative charge at the -position and steric decompression are favorable factors.

We discuss now Li and MgBr by comparing structures 9c with 10, and 5a with 11. As stated in the introduction for alkyldiphenylacetonitriles, elimination of Grignard intermediates appears more sluggish than lithium counterparts. The higher reactivity of organolithiums compared with Grignard reagents has been related to the larger electronegativity of Mg (1.31) compared to Li (0.98): [START_REF] Inamoto | For an estimation of electronegativity of the MgBr group[END_REF] in the elimination reaction MgBr could retain the electron pair of the N-Metal bond more than Li. As expected, when Li is replaced with MgBr on -diphenyl substituted imines, the barrier strongly increases and the reaction becomes endothermic (9c and 10). Moreover, the transition states require a metal assistance in the form of a cation- interaction; the Li-C(aromatic) distances average is 238 pm in the transition state starting from imine 9c. This interaction is already present in 9c where the Li-C(aromatic) distances vary from 236 to 267 pm (average 252 pm, Figure 3). [38] In the MgBr case, the Mg-C(aromatic) distances in the imine 10 vary from 259 to 328 pm (average 294 pm) and are far from values required in the transition state (average 259 pm, Figure 4). Imine (C1-C2 in pm) Ts Complex 5a [a] (162.4) 3.6 (4.1) 3.1 (-0.5) 5b [a] (160.5) 6.5 (5. (160.2) [b] 1.9 (2.7) 6.7 (7.8) [b] -5.8 (-7.4) -1.5 (-1.9) [b] 9c (161.8) 4.0 (4.3) -3.9 (-6.9)

10

(158.1) 12.6 (12.8) 1.8 (-0.5) 11 [c] (160.1) 4.2 (4.9) 0.4 (-2.1)

[a] 1 explicit molecule of THF. [b] 2 explicit molecules of Me2O. [c] 2 explicit molecules of THF. In contrast, for imines 11 and 5a barriers are similar and the higher reactivity in the Li case is no longer observed, even if the reaction is slightly more exergonic for the Li-complex.

In accordance, transnitrilations from dimethylmalononitrile require similar reaction conditions regardless the nature of the organometallic reagent. The Metal-N(nitrile) distances are similar for MgBr and Li in starting imines 5a and 11 (about 227 pm) and the corresponding transition states (about 208 pm). The more electronegative MgBr group could help to "pull" more efficiently the electron pair of the breaking C-C bond and then increase the leaving group ability. This effect could overcome the unfavorable effect of MgBr regarding the electron pair at the imine group. We mention that for structure 11 two explicit THF molecules were included in the calculations to preserve a tetracoordination for the lithium as for the magnesium counterpart. In this discussion, we considered explicit solvation only for adducts of dimethylmalononitrile. If we add two explicit molecules of dimethylether to the lithium intermediate 9b, the barrier drastically increases. The cation- interaction strongly decreases with the solvation of the Li cation; [39] the Li-C(aromatic) distances vary from 270 to 395 pm (compared with 239 to 262 pm without Me2O) and the average distance is 336 pm (251 pm without Me2O). These distances are higher than values reported for related -complexes. [38] This effect points out the importance of the metal assistance in the leaving group ability: a weak metal- interaction decreases the electron-withdrawing ability of the phenyl group. Explicit solvent increases slightly the elimination barrier; however these addition-elimination reactions are often performed in Lewis basic solvents (Schemes 2-5). The use of Lewis basic solvent has a strong influence on the aggregation state particularly of the organolithium species. Even if reactions of dimers or other aggregate states have been described, deaggregation by Lewis bases usually lead to an increase of reactivity and a large number of studies lead to the conclusion that monomers are reactive species. [START_REF] Carl | Lithium Compounds in Organic Synthesis[END_REF] Furthermore, at the elimination stage, one can envision that an equilibrium is possible, even if not favorable, [38a, 41] where a solvent molecule on the metal could be displaced by the phenyl group to generate a cation -interaction favoring the C-C bond breaking.

Conclusion

Transnitrilation and reductive decyanation reactions proceed through an addition-elimination pathway. The nucleophilic addition leads to an imine intermediate displaying a clearly stretched C-C bond. This implies that barriers are easy to overcome. The overall process is favored from an entropic point of view. Steric effects, pKa of the acid related to the leaving group as well as the nature of the initial nucleophile influence barriers and energies. From a computational point of view, the B3LYP functional is not appropriate for the description of the elimination and the PBE0-D3 method was used, instead. The dispersion correction helps for a correct estimation of the steric decompression effect, otherwise overestimated.

As previously proposed, the mechanism of addition-elimination could be an alternative to the classical hydrolysis-decarboxylation pathway for the reductive decyanation of diphenylacetonitriles in basic medium. [42] This pathway could be significant for the reaction of organolithiums with 1-cyanotetrahydronaphthalene derivatives (instead of the pathway through a four center transition state) [43] or the reaction of Grignard reagents with triarylacetonitriles (instead of an electron transfer mechanism). [44] Finally, even if the potassium case was not considered in our work, the investigation of the addition-elimination mechanism may bring a fresh perspective to KHMDS mediated SNAr-decyanation reactions starting from dibenzothiophene dioxides and arylacetonitriles. [45] Entry for the 
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