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Thermal decomposition of fluoroalkyl pentacarbonylmanganese(I) derivatives by alpha-fluorine elimination

This contribution brings to light the first example of an α-F elimination process in manganese organometallic chemistry. As shown in a recent contribution (Chem. Eur. J., DOI: 10.

Introduction

Recently, the homolytic Mn-RF bond strength in pentacarbonylmanganese(I) derivatives with fluorinated alkyl groups, [Mn(RF)(CO)5] (RF = CF3, 1; CHF2, 2, CH2CF3, 3) has been investigated in our laboratory, [START_REF] Morales-Cerrada | Fluoroalkyl radical generation by homolytic bond dissociation in pentacarbonylmanganese derivatives[END_REF] because of our interest in the generation of fluoroalkyl radicals, RF • , and their use in radical polymerization of fluorinated monomers, [START_REF] Dolbier | Structure, reactivity, and chemistry of fluoroalkyl radicals[END_REF][START_REF] Améduri | Well-Architectured Fluoropolymers: Synthesis, Properties and Applications[END_REF] notably vinylidene fluoride (VDF). [START_REF] Améduri | Controlled Radical (Co)polymerization of Fluoromonomers[END_REF][START_REF] Banerjee | Organometallic Mediated Radical Polymerization of Vinylidene Fluoride[END_REF] The investigation was carried out by the kinetic approach, thermally promoting the bond cleavage in the presence of an efficient trapping agent and assuming that the kinetic activation parameters (ΔH ‡ a, ΔS ‡ a) represent good estimates of the thermodynamic bond strength parameters (ΔH°, ΔS°). This is justified by the expected low recombination barrier for the encounter of the [Mn(CO)5] • and RF • radicals. Tris(trimethylsilyl)silane (TTMSS) was used for this purpose (see Scheme 1).

The proposed fate of the [Mn(CO)5] • and (Me3Si)3Si • radicals (equations 3-5), comes from the literature reports on the efficient dimerization of both [Mn(CO)5] •6 and (Me3Si)3Si • , [START_REF] Ishikawa | Stable silyl radicals. Novel route to branched-chain methylpolysilanes[END_REF] and from the report of the high-yield preparation of [Mn{Si(SiMe3)3}(CO)5] 8-10 by the reaction between [Mn2(CO)10] and TTMSS in a sealed tube. [START_REF] Nicholson | Polysilane derivatives of the transition metals. I. Synthesis of tris(trimethylsilyl)silyl manganese pentacarbonyl and related compounds[END_REF] Given the high strength of these Mn-RF bonds, the investigation required quite high temperatures (70-100 °C) but provided the desired information, which is summarized in Table 1. The obtained parameters agree rather well with two different computational estimates, [START_REF] Poli | Effect of α-and β-H/F substitution on the homolytic bond strength in dormant species of controlled radical polymerization: OMRP vs. ITP and RAFT[END_REF][START_REF] Folga | A density functional study on the strength of the metal bonds in Co2(CO)8 and Mn2(CO)10 and the metal-hydrogen and metal-carbon bonds in R-Mn(CO)5 and R-Co(CO)4[END_REF] but the ΔH values are significantly higher than previous experimental estimates (limited to compounds 1 and 2) based on indirect calorimetric and gas-phase mass spectrometry measurements. [START_REF] Connor | Eenthalpy of formaton of acylpentacarbonylmanganese, alkylpentacarbonylmanganese, and hydridopentacarbonylmanganese compexes -the enthalpy conributions of manganese hydrogen and manganese carbon bonds in these molecules -thermochemical aspects of models in Fischer-Tropsch reactions[END_REF][START_REF] Martinho Simões | Transition metal-hydrogen and metal-carbon bond strenghts: the keys to catalysis[END_REF] Scheme 1. Thermal decomposition of (fluoro)alkylpentacarbonylmanganese(I) compounds in the presence of TTMSS as a radical trap.

The [START_REF] Buerger | Preparation, properties, NMR spectra, vibrational spectra, and normal coordinate analysis of tris(trimethylsilyl)halosilanes[END_REF] F NMR monitoring of the [Mn(RF)(CO)5] decay in C6D6 also revealed, qualitatively, the production of the expected RF-H product. Quantitative information could not be obtained because these products are gases (b.p. = -82.1 °C for CF3H, -51.7 °C for CH2F2 and -47.6 °C for CH3CF3) with little solubility in the NMR solvent. Hence, they extensively escaped toward the NMR tube headspace. However, a more careful inspection of the NMR spectra also revealed the formation of other products, indicating that the reactions de-picted in Scheme 1 represent only one pathway of the compound decomposition. We were therefore interested in learning about the nature of these side products, the mechanism(s) by which they are formed, and how much these additional pathways have an impact on the values reported in Table 1. More specifically, what is the reliability of the determined ΔH ‡ as an approximation of the Mn-RF BDE? The results of these investigations, which most notably involve an unprecedented α-F elimination process for a manganese system, [START_REF] Fujita | Transition Metal-Mediated and -Catalyzed C-F Bond Activation via Fluorine Elimination[END_REF] are reported in the present contribution. For the decomposition of 1, a key [START_REF] Buerger | Preparation, properties, NMR spectra, vibrational spectra, and normal coordinate analysis of tris(trimethylsilyl)halosilanes[END_REF] F NMR resonance is a strong singlet at δ -256.2, characterized by [START_REF] Calderazzo | Carbon Monoxide Insertion Reactions. I. The Carbonylation of Methyl Manganese Pentacarbonyl and Decarbonylation of Acetyl Manganese Pentacarbonyl[END_REF] Si satellites (doublet, 1 JSiF = 327 Hz), see Figure 1, which is assigned to compound (Me3Si)3SiF (the full [START_REF] Buerger | Preparation, properties, NMR spectra, vibrational spectra, and normal coordinate analysis of tris(trimethylsilyl)halosilanes[END_REF] F NMR spectrum is shown in Figure S.A4). The shape of this resonance remains unchanged in the [START_REF] Buerger | Preparation, properties, NMR spectra, vibrational spectra, and normal coordinate analysis of tris(trimethylsilyl)halosilanes[END_REF] F{ 1 H, [START_REF] Connor | Eenthalpy of formaton of acylpentacarbonylmanganese, alkylpentacarbonylmanganese, and hydridopentacarbonylmanganese compexes -the enthalpy conributions of manganese hydrogen and manganese carbon bonds in these molecules -thermochemical aspects of models in Fischer-Tropsch reactions[END_REF] C} NMR spectrum. The coupling constant is typical for a direct F-Si bond and the spectral parameters are in close agreement with those reported in the literature for this compound (δ -261, 1 JSiF = 335 Hz [START_REF] Buerger | Preparation, properties, NMR spectra, vibrational spectra, and normal coordinate analysis of tris(trimethylsilyl)halosilanes[END_REF] or 327.8 Hz from the [START_REF] Calderazzo | Carbon Monoxide Insertion Reactions. I. The Carbonylation of Methyl Manganese Pentacarbonyl and Decarbonylation of Acetyl Manganese Pentacarbonyl[END_REF] Si NMR study [START_REF] Marsmann | Silicon-29 nuclear resonance measurements on polysilanes. 2. Isotetrasilanes[END_REF] ). The 1 H- [START_REF] Buerger | Preparation, properties, NMR spectra, vibrational spectra, and normal coordinate analysis of tris(trimethylsilyl)halosilanes[END_REF] F HETEROCOSY NMR spectrum shows that this resonance is coupled to a 1 H NMR resonance at δ 0.21 (see Figure 1), which is also in agreement with the literature value (δ = 0.21 in C6H6). [START_REF] Buerger | Preparation, properties, NMR spectra, vibrational spectra, and normal coordinate analysis of tris(trimethylsilyl)halosilanes[END_REF] As the only source of F in the experiment is the alkyl group of compound 1, this observation constitutes clear evidence for C-F bond breaking. Integration of this resonance relative to the C6F6 internal standard (used for the kinetics investigation) shows that 67% of compound 1 has undergone the side reaction leading to (Me3Si)3SiF. Confirmation of this occurrence comes from the identification of a small triplet resonance at the expected position for CH2F2 (δ -142.15, 2 JFH = 50 Hz, see Figure 2; cf. δ -142.0, 2 JFH = 50.3 Hz reported in the literature [START_REF] Ahrens | Catalytic Hydrodefluorination of Fluoromethanes at Room Temperature by Silylium-ion-like Surface Species[END_REF] ). This signal correlates with a 1 H resonance at δ 4.95 in the 1 H- [START_REF] Buerger | Preparation, properties, NMR spectra, vibrational spectra, and normal coordinate analysis of tris(trimethylsilyl)halosilanes[END_REF] F NMR HETEROCOSY spectrum (cf. δ 5.45, 2 JHF = 50.22 Hz in cyclohexane [START_REF] Frankiss | Nuclear magnetic resonance (N.M.R.) spectra of some substituted methanes[END_REF] ). The fact that this resonance is much smaller than that of (Me3Si)3SiF results from the volatility and small solubility of gaseous CH2F2. The spectrum shows evidence for even deeper defluorination of the alkyl group, since an even smaller resonance is detected at the position expected for CH3F (δ -270.34). The quartet feature is not well resolved, but the relationship with a 1 H doublet resonance ( 2 JHF ca. 46 Hz) at δ ca. 5.7 is clearly indicated by the 1 H- [START_REF] Buerger | Preparation, properties, NMR spectra, vibrational spectra, and normal coordinate analysis of tris(trimethylsilyl)halosilanes[END_REF] F HETEROCOSY NMR spectrum (see Figure 3). These values match rather well those available in the literature in the gas phase (δF -270.6, δH 4.18, 2 JFH = 46 Hz). [START_REF] Pellerite | Unusual reaction chemistry in thermal decomposition of alkali-metal 2-alkoxy-2,3,3,3tetrafluoropropionate salts[END_REF] Further discussion of this spectrum is available in the SI.

For the decomposition of 2 at 100 °C, in addition to the resonance of the CH2F2 product of Mn-RF homolytic cleavage and trapping by TTMSS, the resonance of (Me3Si)3SiF at δ -255.12 was again observed (see full spectrum in Figure S.A6), indicating the occurrence of C-F activation for the CHF2 group. However, the signal of the other expected product, Finally, the degradation of 3 was not accompanied by the observation of either (Me3Si)3SiF or the putative products of H/F exchange, namely CH3CHF2 or CH3CH2F, for which the resonances are expected at δ -25.9 and +77.0, respectively. [START_REF] Elleman | The nuclear magnetic resonance spectra of fluorocarbons. I. Halogenated ethanes[END_REF] Only a few very minor unidentified resonances in the [START_REF] Buerger | Preparation, properties, NMR spectra, vibrational spectra, and normal coordinate analysis of tris(trimethylsilyl)halosilanes[END_REF] F NMR spectrum, in addition to that of the expected CH3CF3 product at δ -60.86, could be observed as noted in the full spectrum (Figure S.A7). This result suggests that the reaction pathway leading to the formation of (Me3Si)3SiF by H/F exchange with the RF group, which is the major secondary decomposition pathway in addition to the homolytic Mn-RF bond cleavage, is specific for groups that contain the F atom on the α-C atom and does not occur for β-C-F bonds.

(b) DFT investigation of the homolytic cleavage and

the side reaction pathway for compound 1 The calculations were carried at the same level of theory as in our previous study of the Mn-RF bond strengths in compounds 1-3 (see details in the Experimental Section). [START_REF] Poli | Effect of α-and β-H/F substitution on the homolytic bond strength in dormant species of controlled radical polymerization: OMRP vs. ITP and RAFT[END_REF] The main target of these investigations was the rationalization of the observed H/F exchange process for compounds 1 and 2 but not for compound 3 and to elucidate its mechanism. In addition, we also wished to assess the relative importance of the homolytic bond cleavage vs. the alternative pathway(s), in order to assess the quality of the previously determined activation parameters (Table 1) 1 as legitimate approximations of the thermodynamic bond dissociation parameters.

The two key experimental observations are that the H/F exchange occurs solely when the compound bears F atoms on the alkyl α-C atom and that the impact of this secondary reaction decreases in the order 1 > 2. The likely source of the H atom is the silane reagent, since the exchange leads to the formation of the (Me3Si)3SiF co-product containing a very stable Si-F bond. The full mechanistic exploration was carried out only for compound 1. TTMSS was modeled by SiH4 for the purpose of computational efficiency.

Scheme 2. Possible H/F exchange and CHF3 generation from an acyl intermediate in compound 1.

Since recent literature reports have shown the possibility of β-F elimination processes as key steps in catalyzed hydrodefluorination and in C-B, C-C and C-Si bond formation processes involving fluorinated olefins, 15, 24-28 a first mechanistic hypothesis consisted of an RF migratory insertion, which would transfer the F atom from the α to the β position (Scheme 2). Alkyl pentacarbonylmanganese(I) compounds are well-known to undergo this process rather easily. [START_REF] Calderazzo | Carbon Monoxide Insertion Reactions. I. The Carbonylation of Methyl Manganese Pentacarbonyl and Decarbonylation of Acetyl Manganese Pentacarbonyl[END_REF][START_REF] Calderazzo | CO insertion reactions. II. Reactions of acetylmanganese pentacarbonyl and methylmanganese pentacarbonyl with triphenylphosphine[END_REF] From the starting compound A (compound 1), migratory insertion of the CF3 group leads to a 16-electron [Mn(CORF)(CO)4] intermediate B, which may be able to undergo a β-F elimination (Scheme 2, upper path) yielding the difluoroketene complex C. The action of the silane may then (a) (b) lead to a difluoroacyl complex D where one coordination site is taken by the fluorosilane co-product. Final decoordination of the fluorosilane and disinsertion from the 16-electron acyl derivative E would generate F (complex 2), from which the observed CH2F2 side product would eventually be generated by the homolytic cleavage and silane-trapping sequence of Scheme 1.

The DFT calculations indicate that the migratory insertion product, intermediate B, is indeed accessible, via transition state TSAB, since the latter has a lower Gibbs energy than the homolytic bond cleavage process, see Figure 4. Not unexpectedly, the open coordination site in this unsaturated compound is stabilized by donation from a lone pair of one of the fluorine atoms of the trifluoroacetyl group. However, the proposed intermediate C is shown by the calculations to lie at very high energy, 56.2 kcal/mol above A. The transition state TSBC would obviously be at even higher energy. Therefore, this pathway is not kinetically competent for the observed H/F exchange. An alternative way to transform B into D would consist of silane addition to B to generate adduct G, which could then accomplish the H/F exchange associatively via hypervalent C and Si atoms (Scheme 2, lower path). The optimization of the silane adduct G has indeed provided a stable local minimum, shown in Figure 4. This is an electronically saturated σ-complex, where the silane Si-H bond provides two electrons to the metal center. The interaction is very weak, since the Gibbs energy is barely lower than for the sum of the two isolated species. However, all attempts to locate system TSGD or a related stationary point along the path from G to D failed, leading instead to a rearrangement to an oxacyclopropyl compound J via an intermediate I and a relaxed scan along the Si•••F distance indicated that this transition state must be located at > 45 kcal/mol higher than (A + SiH4). Details of these attempts and on the resulting products are available in the SI, section B1. In addition, intermediate G may also be envisaged to yield the observed CHF3 product directly, with concomitant formation of the manganese silyl derivative H (Scheme 2). While this possibility would not account for the H/F exchange process, it would constitute a possible lower energy pathway, relative to the homolytic Mn-C bond cleavage, for the production of the main RF-H decomposition product. However, attempts to locate TSGH also failed and a relaxed scan along the C•••H distance indicated that this transition state must be located at > 60 kcal/mol higher than (A + SiH4), see details in the SI, Figure S.B2. In conclusion, no viable pathway could be found for either the H/F scrambling process or for the CHF3 product formation via the acyl product of migratory insertion.

An alternative process, known to occur for pentacarbonylmanganese(I) derivatives under thermal solicitation, is carbon monoxide dissociation, transforming A to the tetracarbonyl derivative K (Scheme 3). From this intermediate, a conceivable pathway leading to the H/F scrambling would involve α-F elimination to yield a fluoro(difluoroalkylidene) derivative L, which would react with the silane to yield the difluoromethyl derivative M with a coordinated SiFH3. The latter would finally be replaced by carbon monoxide and yield F, source of the observed CH2F2 by-product by the homolytic bond cleavage pathway. Like β-F elimination, α-F elimination was shown to be involved in a variety of stoichiometric and catalytic reactions, [START_REF] Fujita | Transition Metal-Mediated and -Catalyzed C-F Bond Activation via Fluorine Elimination[END_REF][START_REF] Burch | Fluoroorganometallic chemistry -carbon fluorine bond activation in perfluorometallacyclopentane complexes[END_REF][START_REF] Bourgeois | alpha-and beta-Fluorine elimination reactions induced by reduction of iridium-fluoroalkyl complexes. Selective formation of fluoroalkylidene and hydrofluoroalkene ligands[END_REF][START_REF] Hughes | Conversion of Carbon-Fluorine Bonds alpha to Transition Metal Centers to Carbon-Hydrogen, Carbon-Carbon, and Carbon-Heteroatom Bonds[END_REF][START_REF] Takachi | Nickel-Catalyzed Cyclization of Difluoro-Substituted 1,6-Enynes with Organozinc Reagents through the Stereoselective Activation of C-F Bonds: Synthesis of Bicyclo 3.2.0 heptene Derivatives[END_REF][START_REF] Giffin | Activation of C-F and Ni-C Bonds of P,S -Ligated Nickel Perfluorometallacycles[END_REF][START_REF] Andrella | A T-shaped Ni kappa(2)-(CF2)(4)-NHC complex: unusual C-sp3-F and M-C-F bond functionalization reactions[END_REF][START_REF] Fujita | Ni-Catalyzed Synthesis of Fluoroarenes via 2+2+2 Cycloaddition Involving -Fluorine Elimination[END_REF][START_REF] Ohashi | Nickel(0)-Mediated Transformation of Tetrafluoroethylene and Vinylarenes into Fluorinated Cyclobutyl Compounds[END_REF] although to the best of our knowledge this phenomenon is unprecedented in manganese chemistry. The energy profile for this pathway is displayed in Figure 5, again in comparison with the homolytic bond cleavage process, which is shown on the left-hand side. The decarbonylation is predicted by the calculations to be thermody-namically accessible. The coordinatively unsaturated tetracarbonyl derivative K is stabilized by the lone pair of one of the α-F atoms, resulting in a significant distortion of the C atom geometry (Mn-C-F angle of 78.2° and C-F bond lengthened to 1.460 Å, vs. distances of 1.339 Å for the other two C-F bonds). The α-F elimination process is also thermally accessible, the transition state (TSKL) being located at a slightly lower energy than that of the homolytic bond cleavage products. The interaction with SiH4 leading to H/F scrambling is also accessible, with an energy cost very close to that of the bond cleavage, with a transition state (TSLM) located only 0.4 kcal/mol higher than the bond cleavage products. Relaxation of this TS leads to a van der Waals adduct of L SiH4 on the reactant side and to M on the product side. The relative energy of TSLM seems consistent with the fact that this is an observed competitive reaction in addition to the homolytic bond cleavage.

The intermediate K also opens access to another possible pathway for release of the observed CHF3 product, as shown in Scheme 3. Coordination of the silane yields the σ-complex N, where the silane H atom transfer to the C atom produces the coordinatively unsaturated silyl complex O, which is then saturated by CO coordination to generate H. The DFTcalculated energy profile shows the feasibility of this process, see Figure 6. Coordination of the silane to K to yield N is favorable, even more than coordination to B to yield G (Figure 4), perhaps because the stabilization of the manganese unsaturation by the α-F atom in K is weaker than that 

(c) Formation of RF-H: homolytic cleavage or silane assisted?

The relatively facile formation of the RF-H by the silaneassisted pathway of Scheme 3 and illustrated in Figure 6, as suggested by the DFT calculations, led us to question whether this may be the operating pathway, rather than the homolytic bond cleavage, for the decomposition of the [Mn(RF)(CO)5] compounds 1, 2 and 3 in the presence of TTMSS, which was reported and kinetically assessed in our recent contribution. [START_REF] Morales-Cerrada | Fluoroalkyl radical generation by homolytic bond dissociation in pentacarbonylmanganese derivatives[END_REF] In order to learn more about this, the activation parameters (ΔH ‡ and ΔS ‡ ) for the pathway of Figure 6 were derived under the conditions used for the decomposition experiments. The experiments were carried out in the temperature range 85-100 °C, 1 but since the individual values of ΔH ‡ and ΔS ‡ are supposed to vary very little in this range, the calculations were carried out only at 100 °C. The major effect on the variation of ΔG ‡ is related to the change of T in the (ΔH ‡ -TΔS ‡ ) expression. These values are listed in Table 2 (raw data are in SI, Table S.B6), where they are compared with the corresponding values calculated for the homolytic bond cleavage at the same temperature. These can also be compared with the experimentally determined activation parameters shown in Table 1. These calculations were also extended to the critical structures related to both pathways for the decomposition of 2 and 3, still using 100 °C as representative temperature.

Two relevant points emerge from this comparison. The first one is that, although the calculated ΔG value of the homolytic cleavage pathway remains higher than the ΔG ‡ of the silane-assisted pathway (TSNO) for all three systems and at both temperatures, the gap between the two ΔG values is significantly reduced upon raising the temperature, because of the large positive ΔS of the homolytic bond cleavage process vs. the much smaller value of the silane-assisted process. The near-zero activation entropy of the silane-assisted pathway results from the balance of the positive CO dissociation entropy and the negative silane coordination entropy. The second point is that the calculated ΔS ‡ of the silane-assisted pathway is in much greater disagreement than that of the homolytic bond breaking process with the experimental ΔS ‡ value, which is positive and large (see Table 1). [START_REF] Morales-Cerrada | Fluoroalkyl radical generation by homolytic bond dissociation in pentacarbonylmanganese derivatives[END_REF] This observation allows us to conclude that the major, or exclusive, pathway leading to the RF-H evolution must be the homolytic bond cleavage completed by radical trapping, as initially anticipated (Scheme 1). The reason why the calculations wrongly predict a preference for the silane-assisted pathway may be related to the use of SiH4 as a simplified model for the much bulkier TTMSS. While the barrier of the homolytic cleavage does not depend on the silane nature, the energy of the rate-determining TS of the silane-assisted pathway should be raised by the steric encumbrance of the TTMSS molecule. In order to validate this proposition, the ΔG ‡ value of this pathway was recalculated for the full A+TTMSS system using the QM/MM approach (see details in the SI), yielding a significantly higher barrier of 42.4 kcal/mol. Although this barrier remains slightly smaller than that of the homolytic cleavage, the uncertainly related to the computational precision is clearly greater. The experimentally measured large activation entropy is the strongest evidence in favor of homolytic cleavage. We can anticipate, however, that use of a less sterically demanding silane as a trapping agent may induce generation of RF-H by the alternative silane-assisted pathway. Therefore, the computational study strongly supports the proposition, made in our recent contribution, 1 that the thermal decomposition of 1-3 in the presence of TTMSS oc-curs by Mn-RF homolytic cleavage according to Scheme 1. Indeed, this proposition was further suggested by the experimental observation that compound 1 is able to initiate the radical polymerization of vinylidene fluoride. 1

Table 2. DFT-calculated parameters (ΔG and ΔH values in kcal mol -1 ; ΔS values in cal mol

(d) DFT investigation of the H/D exchange pathway for compound 2

From the full investigation of the decomposition of 1 described above we have learned that the H/D scrambling pathway proceeds via CO-dissociation and α-F elimination. We were interested in probing the importance of this pathway for both compounds 1 and 2, relative to the Mn-C homolytic cleavage, because the experimental study shows a very different impact of this secondary reaction in the order 1 > 2. Therefore, the H/F exchange pathway according to Scheme 3 for compound 1 has also been calculated for compound 2 (Scheme 4) and the resulting energy profile is shown in Figure 7, once again in comparison with the homolytic Mn-CHF2 bond cleavage on the left-hand side. For clarity, the labels are the same as in Scheme 3 with an additional prime symbol. The energy profile for the H/F exchange pathway of compound 2 is very similar to that of compound 1 (Figure 5). The decarbonylation process of A' (compound 2) to generate K' is a bit less energy demanding than the generation of the corresponding K from compound 1, possibly because of a better stabilization of unsaturation by the F atom in the less electron withdrawing CHF2 group. On the other hand, the subsequent α-F elimination process has a higher barrier and leads to a less stable alkylidene derivative. Whereas the transition state leading to this intermediate for compound 1 (TSKL) is lower than the homolytic bond cleavage products, the reverse is true for the pathway in compound 2 (TSK'L'). The better stabilization of the system, relative to the starting [Mn(RF)(CO)5] by difluorocarbene in L than by fluorocarbene in L' may be related to the greater stabilizing effect by π backdonation than by σ donation. The van der Waals adduct with SiH4, L•••SiH4, could also be located for system 2, but the transition state TSL'M' could not, in spite of several attempts guided by relaxed scans. Probably, the collapse to the H/F scrambled product [Mn(CH2F)(CO)4(FSiH4)] (M') has a very low barrier with a shallow (low imaginary frequency) transition state, making the optimization of this stationary point particularly problematic. There is in fact a greater thermodynamic drive for L'M' than for LM. On the basis of Hammond's principle, this step is therefore expected to be associated with a lower barrier for 2. During one of the several relaxed scans aimed at locating TSL'M', it was also found that SiH4 can easily exchange its H atom directly with the F atom on the alkylidene group. This leads to the alkylidene complex L", which is also shown in Figure 7, and represents another mechanism leading to the same result of H/F exchange. We were also unable to locate the transition state for this process. A view of a representative point along the relaxed scan of this new pathway is shown in the SI (Figure S.B5).

It is now appropriate to compare the relative activation barriers for the homolytic bond breaking process and for the H/F exchange process under the conditions used for the decomposition experiments. For compound 2, the van der Waals adduct L'•••SiH4 was used as a low estimate of the ratelimiting transition state for the H/F exchange process, since the latter could not be optimized. Once again, since the H and S values do not change dramatically with temperature in the 70-100 °C range and the change in ΔG is mostly related to the effect of T in the (ΔH-TΔS) expression, the calculations were only carried out at the representative temperature of 100 °C. The results are supplied in Table 3, with the raw energy data in SI, Table S.B9. The barrier height on the G scale does not change very much with temperature, because the ΔS value is relatively small, resulting from the compensation between the CO dissociation and SiH4 association. A comparison of the barriers of the two competitive processes, namely homolytic bond cleavage (Table 2) and H/F exchange (Table 3), the balance is much more in favor of homolytic bond cleavage for compound 2 (33.8 kcal/mol vs. 43.8 for the competitive H/F exchange pathway) than for compound 1 (39.9 kcal/mol vs. 43.7 for the alternative pathway). This difference essentially derives from the weaker Mn-CHF2 bond in 2 relative to the Mn-CF3 bond in 1 (Table 2), whereas the barriers to the H/F exchange process for the two compounds are essentially unchanged (or slightly in favor of 1, considering that the value calculated for 2 is a low estimate, Table 3). This trend is qualitatively in agreement with the experimentally observed greater impact of the H/F exchange process for compound 1 than for compound 2.

Finally, we consider the impact of the H/F exchange reaction on the kinetic estimation of the Mn-RF bond strength by the thermal decomposition study, 1 particularly in the case of compound 1 for which this secondary reaction occurs to a greater extent. An important indicator is the activation entropy, which was experimentally determined as large and positive for all three compounds (Table 1). The computed ΔS values for the homolytic bond cleavage are also positive, although lower (Table 2), whereas the H/F exchange reaction for compounds 1 and 2 is associated to much lower, nearly zero, activation entropies. The experimentally determined values are affected by large uncertainties and the computed values are certainly affected by many approximations, such as the neglect of solvation effects. However, this comparison suggests that the experimentally determined ΔS ‡ values are mostly determined by the homolytic bond cleavage process. A safe conclusion is that the experimentally determined ΔH ‡ values are low estimates of the activation enthalpy leading to the Mn-RF bond cleavage. The expected error is obviously greater in the presence of a greater fraction of H/F exchange: 3 (no exchange) << 2 (10% exchange) < 1 (67% exchange). Upon consideration of the excellent match between the experimental (50.6±0.8 kcal/mol) and computed (50.5 kcal/mol) values for compound 3, and comparison of the experimental and computed values for compounds 1 and 2 (Table 1), we conclude that the effect of the H/F exchange pathway on the estimation of the Mn-RF BDE must be quite small, less than 2 kcal/mol, which is within the experimental error on the determined ΔH ‡ value.

As a final note, we advance the hypothesis that at least a few of the unidentified minor by-products (in addition to RFH generated by bond cleavage for 1, 2 and 3 and to the identified H/F exchange products for 1 and 2) result from additional reactivity pathways of the intermediate carbene complexes (L, L' and L'' in Figure 5 and Figure 7). It has been widely appreciated that the decomposition of free perfluoroalkyl anions, used during organic synthesis investigations, leads to products derived from difluorocarbene, [START_REF] Haszeldine | Perfluoroalkyl Grignard and Grignard-type reagents. IV. Trifluoromethylmagnesium iodide[END_REF][START_REF] Pierce | Preparation and reactions of perfluoroalkyllithiums[END_REF][START_REF] Shono | Electroorganic chemistry. 130. A novel trifluoromethylation of aldehydes and ketones promoted by an electrogenerated base[END_REF][START_REF] Russell | Effective nucleophilic trifluoromethylation with fluoroform and common base[END_REF][START_REF] Folleas | Fluoroform: An efficient precursor for the trifluoromethylation of aldehydes[END_REF][START_REF] Folleas | Fluoroform: an efficient precursor for the trifluoromethylation of aldehydes[END_REF][START_REF] Large | Nucleophilic trifluoromethylation of carbonyl compounds and disulfides with trifluoromethane and silicon-containing bases[END_REF][START_REF] Langlois | Some recent results in nucleophilic trifluoromethylation and introduction of fluorinated moieties[END_REF][START_REF] Zanardi | Direct Cupration of Fluoroform[END_REF][START_REF] Kawai | A sterically demanding organo-superbase avoids decomposition of a naked trifluoromethyl carbanion directly generated from fluoroform[END_REF][START_REF] Zhang | Organocatalysis approach to trifluoromethylation with fluoroform[END_REF][START_REF] Prakash | Long-Lived Trifluoromethanide Anion: A Key Intermediate in Nucleophilic Trifluoromethylations[END_REF][START_REF] Ni | The unique fluorine effects in organic reactions: recent facts and insights into fluoroalkylations[END_REF] e.g. tetrafluoroethylene and its polymer from difluorocarbene. For instance, after decoordination of CF2 from L or CHF from L' or CH2 from L'', a silicon reagent (either (Me3Si)3SiH or (Me3Si)3SiF or both) could undergo C-H oxidative addition to the vacant coordination site in [MnF(CO)4], eventually leading to different F-containing silicon products and molecules derived from RF. Other products may derive from oxidative additions across the Si-Si bond of TTMSS. The β-F elimination from compound 3 (after decarbonylation) does not take place because TMS3SiF could not be detected, even in trace amounts, in that experiment. However, we cannot exclude the possible contribution of α-H elimination. Full elucidation of these pathways would require additional experimental and computational work.

Conclusion

Although pentacarbonylmanganese(I) derivatives with fluorinated alkyl groups have long been considered as thermally robust compounds, our recent investigations [START_REF] Morales-Cerrada | Fluoroalkyl radical generation by homolytic bond dissociation in pentacarbonylmanganese derivatives[END_REF] have shown that they are sources of fluorinated alkyl radicals under relatively accessible thermal conditions. The present contribution highlights another phenomenon that accompanies this homolytic bond breaking process, namely the α-F elimination leading to H/F exchange in the presence of the H atom donor TTMSS. This process is revealed by the formation of (Me3Si)3SiF and F-poorer fluoroalkanes, as evidence by the 1 H and [START_REF] Buerger | Preparation, properties, NMR spectra, vibrational spectra, and normal coordinate analysis of tris(trimethylsilyl)halosilanes[END_REF] F NMR investigations, and occurs only for compounds 1 and 2, which contain F atoms in the α position, but not for compound 3 where the F atoms are located only on the β-C atom. For other previously investigated systems, it was shown that α-F elimination is preferred over β-F elimination when both α and β C-F bonds are present. [START_REF] Burch | Fluoroorganometallic chemistry -carbon fluorine bond activation in perfluorometallacyclopentane complexes[END_REF][START_REF] Bourgeois | alpha-and beta-Fluorine elimination reactions induced by reduction of iridium-fluoroalkyl complexes. Selective formation of fluoroalkylidene and hydrofluoroalkene ligands[END_REF][START_REF] Giffin | Activation of C-F and Ni-C Bonds of P,S -Ligated Nickel Perfluorometallacycles[END_REF][START_REF] Andrella | A T-shaped Ni kappa(2)-(CF2)(4)-NHC complex: unusual C-sp3-F and M-C-F bond functionalization reactions[END_REF][START_REF] Ohashi | Nickel(0)-Mediated Transformation of Tetrafluoroethylene and Vinylarenes into Fluorinated Cyclobutyl Compounds[END_REF] This phenomenon has been documented for late transition metals such as iridium [START_REF] Bourgeois | alpha-and beta-Fluorine elimination reactions induced by reduction of iridium-fluoroalkyl complexes. Selective formation of fluoroalkylidene and hydrofluoroalkene ligands[END_REF] and particularly nickel, [START_REF] Burch | Fluoroorganometallic chemistry -carbon fluorine bond activation in perfluorometallacyclopentane complexes[END_REF][START_REF] Takachi | Nickel-Catalyzed Cyclization of Difluoro-Substituted 1,6-Enynes with Organozinc Reagents through the Stereoselective Activation of C-F Bonds: Synthesis of Bicyclo 3.2.0 heptene Derivatives[END_REF][START_REF] Giffin | Activation of C-F and Ni-C Bonds of P,S -Ligated Nickel Perfluorometallacycles[END_REF][START_REF] Andrella | A T-shaped Ni kappa(2)-(CF2)(4)-NHC complex: unusual C-sp3-F and M-C-F bond functionalization reactions[END_REF][START_REF] Fujita | Ni-Catalyzed Synthesis of Fluoroarenes via 2+2+2 Cycloaddition Involving -Fluorine Elimination[END_REF][START_REF] Ohashi | Nickel(0)-Mediated Transformation of Tetrafluoroethylene and Vinylarenes into Fluorinated Cyclobutyl Compounds[END_REF] but is apparently undocumented for the earlier part of the transition series. It is shown here for the first time in organomanganese chemistry.

The DFT study suggests that this process is only possible after creating a vacant coordination site on the Mn center by CO dissociation, whereas the alternative migratory insertion followed by β-F elimination is not viable. Furthermore, the impact of this H/F exchange pathway decreases in the order 1 > 2 because the Mn-C bond weakens in the same direction, whereas the barrier to the H/F exchange remains approximately unchanged. The analysis of the barriers of these two competing processes at 100 °C has validated the proposition 1 that the determined ΔH ‡ values for the thermal decomposition are good estimates of the Mn-RF BDE. The generation of other minor by-products, as revealed by the [START_REF] Buerger | Preparation, properties, NMR spectra, vibrational spectra, and normal coordinate analysis of tris(trimethylsilyl)halosilanes[END_REF] F NMR spectra, indicates the presence of yet additional reaction pathways undertaken by one or more of the thermally generated intermediates from the starting [Mn(RF)(CO)5] complexes. These pathways are, however, much less important than the H/F exchange pathway analyzed in the present contribution.

Experimental Section

General. All operations were carried out under argon in a NMR tube inside the NMR spectrometer. Compounds tris(trimethylsilyl)silane (TTMSS, 97%, Sigma-Aldrich), hexafluorobenzene (99%, Aldrich), benzene-d6 (99.5% D, Euriso-top) were used as received. Compounds 1, 2, 3 were synthesized as recently described. [START_REF] Morales-Cerrada | Fluoroalkyl radical generation by homolytic bond dissociation in pentacarbonylmanganese derivatives[END_REF] The Nuclear Magnetic Resonance (NMR) spectra were obtained with a Bruker Avance III 400 MHz spectrometer. The instrumental parameters for recording spectra were as follows: [START_REF] Buerger | Preparation, properties, NMR spectra, vibrational spectra, and normal coordinate analysis of tris(trimethylsilyl)halosilanes[END_REF] F NMR: flip angle 30°, acquisition time 2 s, pulse delay 2 s, number of scans 1, and a pulse width of 3.76 μs. The probe has a lower background [START_REF] Buerger | Preparation, properties, NMR spectra, vibrational spectra, and normal coordinate analysis of tris(trimethylsilyl)halosilanes[END_REF] F signals compared to standard dual-channel probes.

Investigation of the Homolytic Mn-RF Bond Cleavage. All experiments were carried out using the same procedure. As a representative example, [Mn(CF3)(CO)5] (159.3 mg, 0.60 mmol) was dissolved in 5.0 mL of C6D6 together with 8 drops of C6F6 as internal standard. Aliquots of this solution (0.5 mL) were transferred into NMR tubes, then the desired amount of TTMSS was added and the thermal decomposition was monitored at the desired temperatures by [START_REF] Buerger | Preparation, properties, NMR spectra, vibrational spectra, and normal coordinate analysis of tris(trimethylsilyl)halosilanes[END_REF] F NMR spectroscopy.

Computational Details. The computational work was carried out using the Gaussian09 suite of programs. [START_REF] Frisch | Revision D.01[END_REF] Gasphase geometry optimizations were performed without any symmetry constraint using the BPW91* functional, which is a reparametrized version of B3PW91 with the same parameters previously optimized for B3LYP, [START_REF] Reiher | Theoretical study of the Fe(phen)(2)(NCS)(2) spin-crossover complex with reparametrized density functionals[END_REF] and the 6-31G(d,p) basis functions for all light atoms (H, C, F, O, S), whereas the Mn, atom was treated with the SDD basis set augmented by an f polarization function (α = 2.195). [START_REF] Ehlers | A set of f-polarization functions for pseudopotential basis sets of the transition metals Sc-Cu, Y-Ag and La-Au[END_REF] The unrestricted formulation was used for open-shell molecules, yielding only minor spin contamination (<S 2 > at convergence was very close to the expected value of 0.75 for doublet states, the maximum deviation being 0.757 for [Mn(CO)5] • ). All final geometries were characterized as local minima by verifying that all second derivatives of the energy were positive. Thermochemical corrections were obtained at 298.15 K and at 373 K on the basis of frequency calculations, using the standard approximations (ideal gas, rigid rotor and harmonic oscillator). Corrections for dispersion were carried out at the fixed BPW91* optimized geometries using Grimme's D3 empirical method (BPW91*-D3), using SR6 and S8 parameters identical to those optimized for B3PW91. [START_REF] Grimme | A consistent and accurate ab initio parametrization of density functional dispersion correction (DFT-D) for the 94 elements H-Pu[END_REF] A further correction of 1.95 Kcal/mol was applied to bring the G values from the gas phase (1 atm) to the solution (1 mol/L) standard state. [START_REF] Bryantsev | Calculation of solvation free energies of charged solutes using mixed cluster/continuum models[END_REF] Since the reactions were carried out in the apolar C6D6 solvent, no solvation correction was applied. For the QM/MM calculations, the MM part was treated with the UFF [START_REF] Rappé | a Full Periodic-Table Force-Field for Molecular Mechanics and Molecular-Dynamics Simulations[END_REF] methodology. In all systems, the TTMSS fragment was handled with the Si3SiH at the QM level and the nine CH3 groups at the MM level.
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Table 1 .a

 1 Activation parameters for the homolytic Mn-RF bond cleavage in compounds [Mn(RF)(CO)5Values from ref.1 . b Values from ref.[START_REF] Poli | Effect of α-and β-H/F substitution on the homolytic bond strength in dormant species of controlled radical polymerization: OMRP vs. ITP and RAFT[END_REF] . c Values from ref.[START_REF] Folga | A density functional study on the strength of the metal bonds in Co2(CO)8 and Mn2(CO)10 and the metal-hydrogen and metal-carbon bonds in R-Mn(CO)5 and R-Co(CO)4[END_REF] .Results and Discussion(a) Experimental investigations The main products of the [Mn(RF)(CO)5] decomposition in the presence of TTMSS, RF-H (Scheme 1, equation 2; RF = CF3, CHF2, CH2CF3) were identified by weak signals, because of their volatility and poor solubility in the NMR solvent. Compound CF3H could only be observed by 1 H-19 F HETEROCOSY NMR at 10 °C as a quartet at δ 5.59 ( 1 H) coupled with a doublet at δ -78.03 ( 19 F) with a coupling constant 2 JFH of 78 Hz (see Figure S.A1), which is in good agreement with the 1 H and 19 F NMR resonances reported in the literature at δ 6.25 ( 2 JHF = 79.2 Hz) in cyclohexane 16 and -78.6 ( 2 JFH = 79 Hz), 17 respectively. The RF-H products from the decomposition of 2 (RF = CHF2) and 3 (RF = CH2CF3) could be directly observed in the 19 F NMR spectrum: triplet at δ -142.4 ( 2 JFH = 49.8 Hz) for CH2F2 (cf. δ -143.6, 2 JFH = 50.1 Hz), 17 see Figure S.A2, and quartet at δ -60.7 ( 3 JFH = 12.6 Hz) for CH3CF3 (cf. δ -61.7, 3 JFH = 12.8 Hz), 18 see Figure S.A3. However, the 19 F NMR spectra also revealed additional resonances.

Figure 1 .

 1 Figure 1. NMR spectra in C6D6 recorded at 10 °C after the decomposition of compound 1 at 100 °C for 1 hour in the presence of 10 equivalents of TTMSS, proving the presence of (Me3Si)3SiF: (a) expansion of the -252 to -260 ppm region of the 19 F NMR spectrum (376.5 MHz, benzene-d6); (b) Expansion of the corresponding 1 H-19 F HETEROCOSY NMR resonance.

  not be detected in this case. Integration of the (Me3Si)3SiF resonance against the C6F6 internal standard gave only 10% of side reaction for compound 2.

Figure 2 .

 2 Figure 2. NMR spectra in C6D6 recorded at 10 °C after the decomposition of compound 1 at 100 °C for 1 hour in the presence of 10 equivalents of TTMSS, proving the presence of CH2F2: (a) expansion of the -141.4 to -143.0 ppm region of the 19 F NMR spectrum (376.5 MHz); (b) Expansion of the corresponding 1 H-19 F HETEROCOSY NMR resonance. Note that both 1 H and 19 F 1D signals appear as doublets rather than triplets because the central resonance is silent by the antiphase cancellation.

Figure 3 .

 3 Figure 3. Detail of the 1 H-19 F HETEROCOSY NMR spectrum in C6D6 recorded at 10 °C after the decomposition of compound 1 by heating at 100 °C for 1 hour in the presence of 10 equivalents of TTMSS, proving the presence of CH3F.

Figure 4 .

 4 Figure 4. Energy profiles (relative D3-corrected G298 values in kcal/mol) and views of the optimized geometries for the pathways illustrated in Scheme 2.

Scheme 3 .

 3 Scheme 3. Possible H/F exchange and CHF3 generation following the decarbonylation of compound 1.

Figure 5 .

 5 Figure 5. Energy profile (relative D3-corrected G298 values in kcal/mol) and views of the optimized geometries for the H/F scrambling pathway triggered by decarbonylation in compound 1 (Scheme 3).

Figure 6 .

 6 Figure 6. Energy profile (relative D3-corrected G298 values in kcal/mol) and views of the optimized geometries for the CHF3 product release triggered by decarbonylation in compound 1 (Scheme 3).

Scheme 4 .

 4 Scheme 4. H/F exchange pathway for compound 2.

Figure 7 .

 7 Figure 7. Energy profile (relative D3-corrected G298 values in kcal/mol) and views of the optimized geometries for the H/F scrambling pathway triggered by decarbonylation in compound 2 (Scheme 4).

-1 K -1 ) for the genera- tion of RF-H at different temperatures. a

  

	Parameter	RF = CF3 (1)	RF = CHF2 (2)	RF = CH2CF3 (3)
	Homolytic cleavage			
	ΔG298 / ΔH298 / ΔS298	43.3/55.1/39.6	37.0/48.0/37.1	37.9/50.5/42.5
	ΔG373 / ΔH373 / ΔS373	39.9/54.8/40.1	33.8/47.8/37.8	34.2/50.5/43.6
	Silane-assisted pathway (Figure 6)			
	ΔG ‡ 298 / ΔH ‡ 298 / ΔS ‡ 298	33.8/32.9/-3.4	31.9/29.5/-6.1	27.4/26.2/-3.9
	ΔG ‡ 373 / ΔH ‡ 373 / ΔS ‡ 373	34.1/32.9/-3.3	31.8/29.5/-6.1	27.7/26.2/-3.8

a Difference between TSNO+CO and A+SiH4.

Table 3 . DFT-calculated activation parameters (ΔG and ΔH values in kcal mol -1 ; ΔS values in cal mol -1 K -1 ) for the H/F scrambling at different temperatures for compounds 1 and 2. a

 3 

	Parameter	RF = CF3 (1)	RF = CHF2 (2)
	ΔG ‡ 298 / ΔH ‡ 298 / ΔS ‡ 298 43.7/43.6/-0.3	44.2/45.5/4.6
	ΔG ‡ 373 / ΔH ‡ 373 / ΔS ‡ 373	43.7/43.8/0.0	43.8/45.9/5.6
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