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The structure determination of a series of biphenylsilyloxonium cations through NMR and XDR studies, supported by DFT calculations was carried out, allowing to get insights into the origin of the oxygen pyramidalization in biphenyl and binaphthylsilyl oxoniums. Low barrier of inversion in the oxygenyl series points toward a key role of the biaryl axis in the inversion of configuration at the oxygen center.

Introduction

The preparation of the first silylium ion stabilized by an ether (e.g. silyloxonium) 1 + was reported by Kira and Sakurai in 1992 (Figure 1). [1] Cation 1 + was accessible at low temperature through hydrogen abstraction by [Ph3C][B((3,5-CF3)2C6H3)4] [2] of the corresponding silane using the Joyce Corey procedure. [3] 29 Si NMR chemical shift for 1 + was observed at δ 29 Si = 66.9 ppm, much higher than that of the analogous nitrilium ion (δ 29 Si = 38.5 ppm). The use of the less reactive [B(C6F5)4] -anion by Chien et al. [4] [5] then allowed the synthesis of the corresponding silyloxonium borate [1][B(C6F5)4] and its structure determination through X-ray diffraction studies (XRDS) by Driess and co-workers. [6] This study revealed two salient features: first a distance between Si and O centers, dSi-O of 1.777 Å, significantly longer than that of simple siloxanes (dSi-O = 1.63 Å), [7] as well as the presence of an oxygen atom exhibiting a trigonal planar coordination environment (Σα(O) = 359°) (Figure 1). This last observation contrasts with the pyramidal structures observed for closely related oxoniums such as 2 + and 3 + . [8,9] Müller et al. [10] however recently confirmed the propensity of silyloxonium ions to adopt a planar structure with the structure determination of silyloxoniums 4 + and 5 + through XRDS, which showed the perfect trigonal planar configuration of the oxygen center (Σα(O) = 360°). [11] Similarly, a recent gas phase study by Dopfer and co-workers reported the spectroscopic characterization of silylhydroxonium H3SiOH2 + , 6 + by FT-IR supported by DFT calculations. [12] Their results indicate a small pyramidalization of the oxygen atom in H3SiOH2 + . A combined structural and computational study by the Schulz group identified both, the planar tristrimethylsilyloxonium, [(Me3Si)3O] + , and the pyramidal tris-trimethylsilylsulfonium, [(Me3Si)3S] + , as typical chalconium ions. [13] In the course of our recent investigations on the chirality in silylium cations, [14] the binaphthylsilylium ion 7 + was prepared and studied through 1 H and 29 Si NMR. [15] In contrast with observations above, NOESY experiments unambiguously showed nOe correlations between Si-Me and O-Me substituents in the major isomer 7 shown below, as well as between Si-t-Bu and O-Me in the minor trans one, indicative of a pyramidal oxygen center. DFT calculations were also performed on cation 7 + , which supported the pyramidal coordination of the oxygen center (Σα(O) = 348°) in a system thus experiencing multiple chirality including axial, but also Si-and O-centered chirality. The origin of the pyramidalization of oxygen in cations such as 7 + remaining unexplained, complementary investigations were thus considered. We report here the results of these studies, which include the synthesis of a series of biphenylsilyloxonium cations and their study through multinuclear NMR spectroscopy, X-ray diffraction and DFT calculations. 

Results and Discussion

Anticipating that the pyramidalization of the oxygen center in 7 + and derivatives might result from the conformational bias imposed by the binaphthyl chiral axis, silyloxonium cations based on a more flexible biphenyl backbone were thus designed. Silicon-centered chirality was also introduced as to detect through NMR the existence of stereoisomers as previously done in the binaphthyl series. Silanes 9a-e were thus prepared in moderate to excellent yields from the corresponding bromides 8a-b, through bromine-lithium exchange, followed by the silylation of the aryl-lithium intermediates with the suitable chlorosilanes (Supporting Information) (Scheme 1).

Scheme 1. Preparation of biphenylsilanes 9a-e.

1 H NMR of silane 9d revealed the presence of broadened peaks, as well as duplicated signals (in a ratio of about 2:1) at 25°C, indicative of the presence of atropisomers. These signals start to coalesce around 50°C, with a single atropisomer present at 90°C. A similar behavior was observed with compound 9e. Crystals of the latter allowed its structure determination through XRDS, indicating an interaction between the ether oxygen atoms and silicon, [16] with an atomic separation of rSi/O = 3.395 Å (Supporting Information) (sum of the van der Waals radii, rVdW,Si/O = 3.62 Å). [17] DFT calculations of the two possible atropisomers of compound 9e indicate that the major one is 11.3 kJ mol -1 lower in energy, the geometry of which being identical to that found in the crystal. Silanes 9b-c with i-Pr substituents showed similar behaviors. A good degree of confidence can be placed in calculations as 29 Si NMR shifts are also well reproduced (for 9e δ 29 Si = -6.5 ppm; δ 29 Si calc = -5.2 ppm). Biphenyl-based silyloxonium borates 10[B(C6F5)4] were synthesized by reaction of silanes 9a-e with trityl borate [Ph3C][B(C6F5)4] with yields ranging between 85-95% (Scheme 2). The borates are stable at room temperature in deuterated1,2-dichlorobenzene and below 0°C in CD2Cl2. They were identified by multinuclear NMR spectroscopy and the structure of 10e[B(C6F5)4] was confirmed by X-ray diffraction (XRD) analysis (see below).

The observed 29 Si NMR chemical shifts of silyloxonium ions 10a-e + are summarized in Scheme 2. They are found in their typical frequency range (δ 29 Si = 40-80 ppm) [1b,18] and vary only slightly with the substituents at the silicon atom and to an even smaller extent with the group R 1 attached to the oxygen atom.

Scheme 2. Synthesis of silyloxonium borates 10[B(C6F5)4

] by the J. Y. Corey reaction. [3] For the unsymmetrical substituted silyloxonium cations 10d + and 10e + only one set of NMR signals was detected (Supporting Information). This suggests in these compounds, having Si-centered chirality, the preferential formation of a single stereoisomer of the cyclic silyloxonium ion. In the case of 10d + , 2D NOESY experiments revealed the syn-orientation of the methyl-substituents for the prevailing isomer and established the transconfiguration of cyclic cation 10d + (Figure 2). In addition, the positive nOe-effect implies the pyramidalization of the oxygen atom in trans-10d + . But variable temperature NMR studies of borates 10a[B(C6F5)4] and 10b[B(C6F5)4] indicated the magnetic equivalence of the Me and i-Pr substituents respectively at the silicon atom at temperatures as low as -90°C. This suggests either a planar ground state structure or a barrier for the inversion of the configuration at the tricoordinated oxygen atom lower than ~35 kJ mol -1 (Figure 2). Additional structural information was obtained from the X-ray analysis of silyloxonium borate 10e[B(C6F5)4] that confirmed the pyramidalization of the oxygen center. Suitable single crystals were grown from toluene-pentane at -18°C. The length of the new Si-O bond (1.807 Å) of the six-membered cyclic silyloxonium ion was found in the typical region for silyloxonium ions (1.78-1.84 Å) and significantly elongated as compared to regular Si-O bonds in siloxanes (1.63 Å). [7] The pronounced trigonal flattening of the tetracoordinated silicon atom is noticeable. The measured sum of the bond angles around the silicon atom Σα(SiC3) is 345°, which is significantly larger than the ideal value for tetrahedral coordination (Σα(SiC3) = 328.2°). The coordination environment of the oxygen atom is trigonal pyramidal but with only small deviations from planarity (Σ(O)(10e + ) = 355° (as compared to 360° for planar coordinated oxygen atom). The twist of the two aryl rings as measured by the dihedral angle  is 18.9° (Figure 3). This observation thus parallels that made earlier on binaphthylsilyl oxonium 7[B(C6F5)4] through NMR studies. [15] Finally, the cationic silicon center of the onium is well separated from the anion, with the closest contact between the fluorine of the borate anion and the silicon center larger (dSi-F = 4.07 Å) than van der Waals radii (SvdW Si/F = 3.57 Å). [17] Figure Structure optimizations at the M06-2X/def2tzvp level of bis-naphthyl-and bis-phenyl-substituted silyloxonium ions, 7 + , 10 + and 11 + gave molecular structures that are pyramidalized at the oxygen atom and at the silicon atom due to the donor-acceptor interaction between both centers and which are in good agreement with the experimental data, supporting the structural assignment made by NMR. The degree of pyramidalization of the silicon center as measured with the sum of the bond angles around the silicon atom (SiC3) is almost constant ((SiC3) = 343-348°, Figure 4) and typical for silylchalconium ions. [10b] In contrast, the pyramidalization of the oxygen atom in silyloxonium ions 7 + , 10 + and 11 + depends on the substituent at the oxygen atom and on the nature of the bis-aryl backbone. Methyl-and bi-naphthyl-substitution results in a more pronounced pyramidalization ((O) = 345-346°) while, with phenyl groups and with the biphenyl-backbone, an almost planar configuration at the oxygen atom is observed ((O) = 353-356°). Interestingly, when the biphenylsubstitution is replaced by two independent phenyl groups as in cation 12 + , the coordination environment of the oxygen atom is perfectly planar ((O) = 360°). These computational results highlight the decisive influence of the bis-aryl-backbone, with its restricted rotation around the biaryl C(aryl)-C(aryl) bond, on the configuration of the oxygen atom (Figure 4). The situation is significantly different for silylsulfonium ions 13 + and 14 + . The sulfur atom adopts a strongly pyramidalized coordination environment, [10b,14,19] regardless of an incorporation of the Si-S-group into a cyclic (as in 13 + ) or an acyclic system (as in 14 + , Figure 4). Experimental values for trans-10e + are given for comparison in parenthesis.

A rapid inversion at the oxygen atom would then account for the Me or i-Pr equivalence observed by NMR, which could be envisioned either by a swing at the oxygen atom or by a biphenyl twist (Figure 5). DFTcalculations confirm that both cations 10a + and 10b + adopt a trigonal pyramidal coordination of the oxygen atom (that implies the magnetic non-equivalence of the two substituents). Inversion of the configuration at the oxygen center was found to occur through a twist of the two aryl groups with an energy barrier of 25 and 15 kJ mol -1 respectively for 10a + and 10b + , consistent with NMR observations. Figure 5. Mechanism for the inversion of the configuration of the chalcogen atom in silylchalconium ions.

Calculations also showed that trans-10d + is more stable by 7 kJ mol -1 than its cis-isomer, which translates to a trans/cis ratio 94:6 at 293K, with a calculated barrier for the interconversion of 39 kJ mol -1 . For 10e , cis/trans isomer difference is even higher (15 kJ mol -1 ) as well as the interconversion barrier (47 kJ mol -1 ), demonstrating the role of steric hindrance in the conformational stability. The calculated imaginary frequency also drops with the increase of steric hindrance. The different degree of pyramidalization at the chalcogen atom in the bis-phenyl substituted silylchalconium ions 10 + and 13 + also influences the calculated barriers for the inversion of configuration and the mode of inversion. The configuration at the tricoordinated sulfur atom in cation 13 + is stable as the barrier for the interconversion is calculated to be as high as 73 kJ mol -1 (Figure 6), in perfect agreement with experimentally determined barriers for inversion of related silylsulfonium ions. [19] In contrast to silyloxonium ions 10 + , in the transition state, the sulfur atom swings from one side of the trigonal plane spanned by the substituents of the sulfur atom to the other side (see Figures 5 and7). This is the established mode of inversion for isoelectronic amines and phosphanes. [START_REF] Eliel | Stereochemistry of Organic Compounds[END_REF] Figure 6. Calculated energetic parameter of the chalcogen inversion in silyloxonium ions 10a + , 10b + , 10d + , 10e + and silylsulfonium ion 13 + . The computational results indicate that the ground state structure and the inversion dynamics of silyloxonium ions 10 + and likewise 13 + are determined by the bis-aryl backbone and its structural requirements. Silyloxonium ions, which lack the bis-aryl unit, feature an oxygen atom with a trigonal planar coordination sphere. This clearly distinguishes these donor-stabilized silyl cations from their sulfur congeners that adopt in all known cases trigonal pyramidal configuration at the sulfur atom. [19] The Schulz group recently provided rationalizations for this difference and pointed out the importance of subtle combination of steric, hyperconjugative and electrostatic effects. [13] Finally, we determined the Lewis acidity of silyloxonium ion 10a + using the recently developed fluorobenzonitrile (FBN) method, [START_REF] Künzler | [END_REF] by reacting 10a[B(C6F5)4] with one equivalent of FBN in CDCl3 at room temperature (Figure 8). The determined 19 F NMR chemical shift (δ 19 F = -92.3) places the cation 10a + on the Lewis acidity scale between the five-membered acenaphthyl-substituted silyloxonium 15 + and silylsulfonium ions 16 + very close to B(C6F5)3 (BCF). [START_REF] Künzler | [END_REF] Figure 8. Lewis acidity of the silyloxonium ion 10a + as determined by the FBN method.

Conclusion

In summary, several cyclic biphenylsilyloxoniums were prepared and their structure determined through multinuclear NMR spectroscopy and in the case of 10d[B(C6F5)4] also by XRD. Structure determination through DFT calculations was also performed and found to be in good agreement with experimental data. While, the acyclic silyloxoniums are trigonal planar, their cyclic analogues show significant pyramidalized coordination depending on the nature of the substituent on the oxygen center, with increased pyramidalization going from aryl to alkyl ethers. The barrier of inversion in the cyclic silyloxonium is however quite low, the inversion likely proceeding through a low energy rotation around the biaryl bond through a biaryl twist. In contrast cyclic and acyclic sulfur analogues show more pronounced pyramidalization and higher barrier to inversion. In this case, inversion of configuration at the sulfur center occurs through sulfur atom swinging, similar to inversion of configuration at nitrogen and phosphorus atoms in amines and phosphanes. Finally, this study emphasizes the importance of the biaryl skeleton in the chirality transfer to the chalcogen ligand, chirality that may have a strong influence in future applications in asymmetric catalysis.

Experimental Section

General procedure for the synthesis of the silyloxoniums. A dry J. Young NMR tube under argon atmosphere was charged with [Ph3C][B(C6F5)4] (1 equiv.) dissolved in the indicated solvent (0.1-0.3 M). Then, the silane (1 equiv.) in the same solvent (0.1-0.3 M) was added at 0°C. The tube was close tightly, shaken, and after an appropriate time analyzed by NMR.

6-(tert-butyl)-6-methyl-5-phenyl-5,6-dihydrodibenzo[c,e][1,2]oxasilin-5-ium tetrakis(pentafluorophenyl)borate ([10e][B(C6F5)4])

Following general procedure above, the silyloxonium ([10e][B(C6F5)4]) was obtained from [Ph3C][B(C6F5)4] (39.9 mg, 0.04 mmol, 1 equiv.) in o-C6D4Cl2 (0.3 mL) and the silane 9e (15.0 mg, 0.04 mmol, 1 equiv.) in o-C6D4Cl2 (0.2 mL) at room temperature (NMR yield 87%). Crystals suitable for X-ray diffraction spectroscopy were grown from a concentrated toluene liquor, carefully covered with pentane and stored at -18°C. 1 H NMR (300 MHz, o-C6D4Cl2):  = 7.79 -6.75 (m), 0.70 (s, 9H), 0.36 (s, 3H). 13 

Figure 1 .

 1 Figure 1. Structural and NMR spectroscopic parameter of oxonium ions.

Figure 2 .

 2 Figure 2. Stereochemistry of silyloxonium ion trans-10d + and magnetic equivalence of Si substituents in silyloxonium ion 10a + -10b + .

3 .

 3 Figure 3. Molecular structure of silyloxonium ion trans-10e + in the crystal of 10e[B(C6F5)4]. Selected structural parameter: Si-O = 1.807 Å, O) = 355°, (SiC3) = 345°, (C 1 C 2 C 3 C 4 ) = 18.9°.

Figure 4 .

 4 Figure 4. Calculated structural parameters for silyloxonium ions 7 + and 10 + -12 + and for silylsulfonium ions 13 + , 14 + that are relevant to the discussion (M06-2X/def2-tzvp).Experimental values for trans-10e + are given for comparison in parenthesis.

Figure 7 .

 7 Figure 7. Displacement vectors of the imaginary vibration of the transition states for the inversion of the configuration of the chalcogen atom in silyloxonium ion 10a + and silylsulfonium ion 13 + .

  C NMR (76 MHz, o-C6D4Cl2) :  = 155.0, 152.6, 148.7 (dm, 1 JC,F = 244.0 Hz), 138.6 (dm, 1 JC,F = 246.4 Hz), 136.8, 136.7 (dm, 1 JC,F = 247.5 Hz), 134.3, 134.2, 132.4, 132.0, 131.6, 131.2, 131.1, 129.9, 129.5, 129.3, 125.2, 120.5, 120.1 (CAr), 118.2, 24.3, 20.1, -6.6. The C ipso atom of -B(C6F5)4 is not observed due to considerable broadening while coupling with the quadrupolar boron nuclei. 29 Si INEPT NMR (60 MHz, o-C6D4Cl2) :  = 55.7 (calc. 29 Si NMR (DFT) :  = 55.7). 19 F NMR (282 MHz, o-C6D4Cl2) :  = -131.4 --132.0 (m, 8F), -162.3 (t, 3 JF,F = 20.7 Hz, 4F), -166.1 (t, 3 JF,F F = 19.6 Hz, 8F). 11 B NMR (96 MHz, o-C6D4Cl2):  = -16.2 ppm.
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