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Abstract

:

Novel hexafluoroisopropylboranes (CF3)(CF2H)CFBH2·L and -borate anions [(CF3)(CF2H)CFBH2X]− with Lewis basic heterocyclic ligands L and the anionic substituents X = F− and CN− were obtained. The syntheses were accomplished by substitution reactions of the dimethyl sulfide adduct (CF3)(CF2H)CFBH2·SMe2, which was synthesized on a large scale. The hexafluoroisopropylboranes and -borates were characterized by NMR and vibrational spectroscopy, elemental analysis, and single-crystal X-ray diffraction. In addition, the thermal and electrochemical stabilities were investigated by DSC measurements and cyclic voltammetry and selected experimental data and trends are compared with theoretical ones.
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1. Introduction


The synthesis, characterization, and investigation of new (per)fluoroalkyl boranes and borates has been the subject of chemical research for many years, which in part is due to their versatile properties that have led to various applications [1,2,3,4]. Especially noteworthy are the (per)fluoroalkyl borate anions, which have been studied as weakly coordinating anions (WCAs) [3,4,5,6,7,8]. The anionic charge of WCAs should be efficiently delocalized and they should be hardly polarizable. Thus, most WCAs contain fluorine atoms at their surface and comprise comparably large molecular volumes [5,6]. Perfluoroalkyl groups in particular have proven to be very efficient at stabilizing borate anions by delocalizing the negative charge. The tetrakis(trifluoromethyl)borate anion [B(CF3)4]− [3,9,10] belongs to the most weakly coordinating anions and salts with reactive cations such as N5+ [11], NO+ [12], {H(OEt2)2}+ [13], Ph3C+ [13], and [Co(CO)2(NO)2]+ [14] have been isolated. The [(CF3)3BF]− anion [15] has weakly coordinating properties and has been used, for example, in the stabilization of the [Co(CO)5]+ [14,16] and [Mn(CO)6]+ cations [17]. However, the chemical stability of trifluoromethyl groups at boron is limited and strong Brønsted and Lewis acids are known to remove a fluoride ion from a B–CF3 group, resulting either in a complete depletion of the CF3 group or in its transformation into a different C-based substituent [3,18]. The [B(CF3)4]− anion, for example, has been converted into the borane carbonyl (CF3)3BCO in concentrated sulfuric acid [19,20]. This borane carbonyl has been used for the preparation of unprecedented tris(trifluoromethyl)borate anions including the series [(CF3)3BCX]− (I = N, P, As) [21,22] and the aforementioned WCA [(CF3)3BF]− [14,16,17,18], highlighting the stabilizing effect of the borane (CF3)3B [1,2,3] in particular and of related perfluoroalkylboranes in general.



In addition to their application as WCAs, perfluoroalkylborate anions have been used as building blocks for hydrophobic ionic liquids (ILs). In particular, monoperfluoroalkyltrifluoroborate anions [CnF2n+1BF3]− (n = 1–4) have been intensively studied in IL chemistry [23,24,25,26,27,28,29]. Related mixed monoperfluoroalkyl(cyano)(fluoro)borate anions [CnF2n+1B(CN)3–xFx]− (n = 1–4; x = 0–2) have also been used as anionic components of ILs [30,31]. Some of these perfluoroalkylcyanoborate ILs and related metal salts have been employed for the design of lanthanide complexes and hybrid materials [32]. In addition, a few of these ILs have been studied as electrolyte components, e.g., for dye-sensitized solar cells (Grätzel cells, DSSCs) [30]. A further example for perfluoroalkylborate ILs are low-viscosity and low-melting organic salts with the pentafluoroethyltrihydridoborate anion [C2F5BH3]− [33] and related mixed pentafluoroethyl(cyano)(hydrido)borate, trifluoromethyl(cyano)(hydrido)borate anions, and the [CF3CH2B(CN)3]− anion [31].



Due to their weakly coordinating nature, perfluoroalkyl- and mixed perfluoroalkyl(cyano)(fluoro)borate anions have been discussed as counterions for metal-ion batteries, e.g., lithium-ion batteries LIBs [34], and perfluoroalkylfluoroborate ILs have been suggested as electrolyte components for such batteries [35]. For example, the lithium salts Li[RFBF3] [36,37,38] and Li[B(CF3)4] [39] have been studied and other lithium perfluoroalkylborates have been investigated by quantum chemical methods [40].



In addition to perfluoroalkylborates, (per)fluoroalkylboranes have attracted interest and amine-stabilized tris(trifluoromethyl)boranes [1,2,3] and the borane carbonyls (CnF2n+1)BCO (n = 1–3) [3,19,20,41] have been especially intensively investigated. Some of these perfluoroalkylborane adducts have been used for the preparation of weakly coordinating borate anions (vide supra) and ligands for transition metal and lanthanide complexes. In the course of the synthesis of pentafluoroalkylhydridoborate anions, borane adducts of the general type C2F5BH2·L (L = CH3CN, THF, 4-cyanopyridine, PPh3) were synthesized for the first time starting from the borate anion [C2F5BH3]− via hydride abstraction [33]. The [C2F5BH3]− anion has been obtained by reaction of BH3·THF and pentafluoroethyl lithium [33].



A different approach was described for the synthesis of novel partially fluorinated alkylhydridoborane adducts in 2019. These adducts were obtained as unexpected products in an attempt to hydrodefluorinate hexafluoropropene with the hydridoborane adducts BH3·THF and BH3·SMe2 (Figure 1) [42]. The hexafluoroisopropyldihydridoborane adducts, which are easily accessible using the aforementioned route, are the first selectively accessible boranes described that bear polyfluoroalkyl substituents that contain a single hydrogen atom. Furthermore, the polyfluoroalkyl group is branched, which is rarely found in per- and polyfluoroalkylboron chemistry [18].



Herein, we report on the convenient large-scale synthesis of the hexafluoroisopropylborane dimethyl sulfide adduct (CF3)(CF2H)CFBH2·SMe2 (1) and its follow-up chemistry to yield novel hexafluoroisopropylborate anions and related borane adducts (Figure 1). Selected structural, spectroscopic, and electrochemical properties of the neutral borane adducts and borate anions are presented and the data are compared with those derived from DFT calculations.




2. Results and Discussion


Hexafluoroisopropylborane dimethyl sulfide adduct 1 was prepared as a racemate similar to the method described by Crimmin et al. in 2019 (Figure 1) [42]. However, the initial nuclear magnetic resonance (NMR) experiment (20 µmol) was scaled up to 40 mmol. In contrast to the deuterobenzene that was used in the literature procedure, toluene was employed as a solvent and only 1.05 equivalents of hexafluoroisopropene were required. In summary, the 0.4 M solutions of 1 have become easily accessible using a cost-effective method via an almost quantitative hydroboration reaction of BH3·SMe2 and hexafluoroisopropene. With 1 in hand, several Lewis-base-stabilized hexafluoroisopropylboranes were synthesized, as depicted in Figure 2.



The 4-cyanopyridine (4-CN-py) adduct 2 was synthesized from 1 and 4-CN-py in a yield of 85%. Borane adducts of pyridine and 4-cyanopyridine are valuable starting compounds for imidazole and related N-heterocyclic derivatives with boranes attached to one or two nitrogen atoms of the central N-heterocyclic ring. Adducts of this type with the borane Lewis acids B(CN)3 [43] and C2F5BF2 have been deprotonated to obtain mono- and dianionic N-heterocyclic carbenes (NHCs) as well as anionic cyclic (alkyl)(amino)carbenes (Ani-cAACs) [44,45,46]. However, it was found to be even more convenient to react 1 directly with imidazole derivatives to furnish the corresponding imidazole adducts. Complexes of hexafluoroisopropylborane 1 with imidazole (HIm, 3a), 1-methylimidazole (MeIm, 3b), 1-butylimidazole (BuIm, 3c), 1-vinylimidazole (VnIm, 3d), and benzimidazole (BnIm, 3e) were isolated in high yields of 82–89%. Furthermore, stabilization of hexafluoroisopropylborane was achieved by attachment of 1 to the carbene C atom of a N-heterocyclic carbene, i.e., by the reaction of 1 with 1,3-bis(2,6-diisopropylphenyl)-imidazolin-2-ylidene (IDipp, 4). Since 1 was obtained as a racemate via the hydroboration reaction, 2, 3a–e, and 4 were also obtained as racemates. The borane adducts 2, 3a–e, and 4 were found to be stable against hydrolysis, which underlines the stabilizing effect of the electron-withdrawing (CF3)(CF2H)CF group. Hence, borane adducts of 1 are more stable than, for example, related adducts of fluorodicyanoborane, e.g., BF(CN)2·4-CN-py undergoes rapid hydrolysis [43]. All hexafluoroisopropylborane adducts were characterized by elemental analysis and NMR and vibrational spectroscopy (Table 1, Figure 2). The 11B NMR signals are in the region typical for tetravalent boron and their shift depends on the Lewis base coordinated to boron. The signals are split into triplets, due to 1J(11B,1H) couplings of 88.1–100.2 Hz. The 19F NMR signals reveal complex coupling patterns as a result of mJ(19F,19F) (m = 3,4), nJ(19F,1H) (n = 2–4), and 2J(19F,11B) couplings (Figure 2). The IR and Raman spectra of the adducts 2, 3a–e, and 4 display characteristic B−H stretching bands in the region of 2403–2471 cm−1 (Table 1). Furthermore, the thermal properties of the hexafluoroisopropylborane adducts were investigated by differential scanning calorimetry (DSC). 2, 3b, and 4 are solids at room temperature, whereas 3a, 3c, 3d, and 3e are liquids with glass transitions in the range of −87 to −37 °C. All adducts are very thermally robust with decomposition temperatures in the range of 182–256 °C.



Single crystals of 2, 3b, and 4 were studied by SC-XRD (single-crystal X-ray diffraction). Whereas 2 and 4 crystallized as racemate in the centrosymmetric space group P    1  ¯   , single crystals of the two enantiomers (S)-3b and (R)-3b were obtained and the structures were refined in the chiral space group P1 (Figure 3). The lengths of the dative B−N bonds in 2 and 3b (Table 2) are in the range of isoelectronic C−C single bonds and of the B−N bonds in the adducts of the Lewis superacid B(CN)3 with 4-CN-py (1.592(2) pm) [43] and MeIm (1.558(4) pm) [45]. The B−CNHC bond length of 4 is slightly longer than that of BH3·IDipp (1.585(4) pm) [47], which probably reflects the greater steric demand of the hexafluoroisopropylborane compared with BH3 (vide infra).



In order to study their electrochemical properties, 2 and 4 were investigated by cyclic voltammetry (Figure 4). 4-Cyanopyridine is known to form a relatively stable radical anion at a potential of E1/2 = −2.25 V (ipa/ipc = 0.82), which corresponds to a quasireversible reduction [43,48]. The 4-cyanopyridine adduct 2 exhibits a similar quasireversible reduction at E1/2 = −1.49 V (ipa/ipc = 0.88). Thus, 2 is reduced at a more negative potential than the related 4-CN-py adducts of B(CN)3 (−1.04 V), BF(CN)2 (−1.14), and BH(CN)2, (−1.25 V) [43]. Furthermore, an additional irreversible reduction was observed at −2.45 V for 2. NHC adducts of boranes are of particular interest as additives for LIB electrolytes, in which they serve as overvoltage protection [49,50,51]. Therefore, the electrochemical behavior of the NHC adduct 4 was investigated by cyclic voltammetry on a 0.01 M solution of 4 in acetonitrile with [nBu4N][PF6](0.1 M). NHC adduct 4 shows only a single irreversible oxidation in the electrochemical window of the solution at 1.77 V vs. Fc/Fc+ or 5.02 V vs. Li/Li+ [52], which is higher than the cut-off potential of the 1,3-dimethylimidazolidin-trifluoroborane adduct (4.4 V vs. Li/Li+) [51]. Since the cut-off potential of 4 is still clearly within the electrochemical window, 4 might be a promising additive for overvoltage protection in electrochemical devices.



The reaction of 1 with the organic cyanide and fluoride salts [nBu4N]CN and [Me4N]F resulted in the formation of the respective tetraalkylammonium salt of the hexafluoroisopropyldihydridocyanoborate (5) and -fluoroborate anion (6). Both anions were isolated as benzyltriphenylphosphonium ([BnPPh3]+) salts after metathesis (Figure 5). Fluorination of [Me4N]6 with KHF2 in trifluoroacetic acid under evolution of hydrogen gave the corresponding trifluoroborate 7, which was also isolated as a [BnPPh3]+ salt. [BnPPh3]5, [BnPPh3]6, and [BnPPh3]7 were characterized by elemental analysis and NMR and vibrational spectroscopy (Table 3). The 11B NMR signals show complex coupling patterns due to 2J(19F,11B), 1J(11B,1H), and/or 1J(19F,11B) (Table 3, Figure S5 in the Supporting Information). The hexafluoroisopropylborates are very thermally robust, with meting points of 160–164 °C. Whereas [BnPPh3]6 melts under decomposition, [BnPPh3]5 and [BnPPh3]7 are stable up to more than 250 °C in the solid state. [BnPPh3]5, [BnPPh3]6, and [BnPPh3]7 are isostructural and crystallize as racemates in the monoclinic space group P21/n (Figure 5). Due to disorder of the anions, a comparison of bond parameters is obsolete. However, the structure of anion 6 is particularly of interest as it allows the assessment of the steric demand of hexafluoroisopropylborane (CF3)(CF2H)CFBH2 [53]. Since anion 6 is severely disordered over four positions in the crystal structure, the structural parameters derived from DFT calculations were used. The %VBur of (CF3)(CF2H)CFBH2 was determined to be 39.2%, which is in between the %VBur values of B(CN)3 (38.9%) and C2F5BF2 (39.7%) [53].



To test their use as conducting salts or electrolyte additives and to verify the electrochemical stabilities of the new borate anions 5, 6, and 7, cyclic voltammetry was performed on 0.05 M solutions in acetonitrile (Figure 6). Since the cathodic limit is predominantly defined by the reduction of the [BnPPh3]+ cation, almost identical limits were observed for all three borates. However, for the anodic limit, which is mainly determined by the electrochemical stability of the borate anion against oxidation, significant differences were found. The fluorodihydridoborate anion [(CF3)(CF2H)CFBH2F]− (6) is the least stable (Ea = 0.47 V) in the series, whereas the trifluoroborate anion [(CF3)(CF2H)CFBF3]− (7) is the most electrochemically robust anion, with Ea = 2.50 V. This value is similar to the anodic limits that have been reported for neat room temperature ionic liquids (RTILs) with related perfluoroalkylborate anions, e.g., Ea = 2.1 V for [EMIm][CF3BF3] and [EMIm][C2F5BF3] (EMIm = 1-ethyl-3-methylimidazolium) [30]. The cyanodihydridoborate anion [(CF3)(CF2H)CFBH2(CN)]− (5) exhibits a slightly higher stability than anion 6 (Ea = 0.68 V). It undergoes a complex irreversible multistep oxidation (Figure 6). Similar or even slightly higher oxidative stabilities are often observed for cyanoborate anions compared with analogous fluoroborate anions [30,31,54]. For example, the neat RTIL [BMPL][BF(CN)3] ([BMPL]MFB; BMPL = 1-butyl-1-methylpyrrolidinium) is more stable (Ea = 2.6 V) than the related RTIL [BMPL][BF2(CN)2] ([BMPL]DFB; Ea = 2.0 V) [54].




3. Materials and Methods


3.1. General Synthetic Aspects


All reactions involving air-sensitive compounds were performed under an argon atmosphere using standard Schlenk line techniques in tubes equipped with PTFE stems (Rettberg, Göttingen and Young, London, UK).




3.2. Analytical Instruments and Details


1H, 11B, 13C, 19F, and 31P NMR spectra were recorded at 25 °C in CD2Cl2 and (CD3)2CO on a Bruker Avance 500 spectrometer, a Bruker Avance III 400 Nanobay spectrometer, or a Bruker Avance Neo 400 spectrometer. NMR signals were referenced against TMS (1H and 13C with Ξ (13C) = 25.145020 MHz), BF3·OEt2 in CDCl3 (Ξ (11B) = 32.083974 MHz), CCl3F (Ξ (19F) = 94.094011 MHz), and H3PO4 (Ξ (31P) = 40.480742 MHz) [55]. Chemical shifts were calibrated against the residual solvent signal, respectively (δ(1H): CD2Cl2 5.32, (CD2H)(CD3)CO 2.05 ppm; δ(13C): CD2Cl2 53.84, (CD3)2CO 206.26 and 29.84 ppm) [56]. HRMS-ESI spectra were recorded using an Exactive Plus mass spectrometer with Orbitrap (Thermo Scientific, Waltham, MA, USA) equipped with an ESI source (3.5 kV spray voltage) or an APCI probe (4.0 µA discharge current) (HRMS = high-resolution mass spectrometry, ESI = electrospray ionization). IR spectra of the solid samples were recorded at room temperature with a Bruker Alpha-FT-IR spectrometer (Karlsruhe, Germany) with an apodized resolution of 2 cm−1 in the attenuated total reflection (ATR) mode in the region of 4000–400 cm−1 using a setup with a diamond crystal. Raman spectra were measured at room temperature on a Bruker MultiRAM FT spectrometer with an apodized resolution of 2 cm−1 in the region of 4000–400 cm−1. The samples were contained in melting point capillaries and excited with the 1064 nm line of a Nd/YAG laser. Thermal analyses were performed with a DSC 204 F1 Phoenix (Netzsch, Selb, Germany) in the temperature range of −20 to 500 °C with a heating rate of 10 K min−1. Elemental analyses (C, H, N) were performed either with a Euro EA3000 instrument (HEKA-Tech, Wegberg, Germany) or with an Elementar Vario MICRO cube instrument (Elementar Analysensysteme, Langenselbold, Germany). Details of the DFT calculations and electrochemical measurements are included in the Supporting Information.




3.3. Chemicals


All standard chemicals were obtained from commercial sources and used without further purification. [nBu4N]CN was synthesized according to a known procedure [57]. Solvents were dried according to standard protocols [58] and stored under argon atmosphere in flasks with valves with PTFE stems (Rettberg, Göttingen and Young, London).




3.4. Syntheses


3.4.1. Hexafluoroisopropylborane-dimethylsulfide Adduct (1)


The synthesis was carried out following the procedure in the literature [42]; however, the amount of reactants used was increased by a factor of 2100, whereas the amount of solvent was only increased by a factor of 200.



Hexafluoropropene C3F6 (6.31 g, 42.0 mmol) was condensed into a solution of BH3·SMe2 (2.0 M in toluene, 20 mL, 40.0 mmol) in toluene (80 mL) at −78 °C. The reaction mixture was slowly heated to 100 °C in a closed reaction vessel under vigorous stirring and kept at this temperature for one hour. The hexafluoroisopropylborane-dimethylsulfide solution obtained was used without further purification. Yield: 100 mL of a 0.4 M solution of (CF3)(CF2H)CFBH2·SMe2 (40.0 mmol) in toluene.



11B NMR (128.43 MHz): δ = −14.6 (t, 1B, BH2, 1J(11B,1H) = 109.7 Hz) ppm; 19F NMR (376.66 MHz): δ = −75.1 (m, 3F, CF3), −128.5 (dm, 2F, CF2H, 2J(19F,1H) = 53.5 Hz), −199.6 (m, 1F, CF) ppm.




3.4.2. Hexafluoroisopropylborane-4-cyanopyridine Adduct (2)


A solution of 1 (0.2 M in toluene, 100 mL, 20.0 mmol) was added to 4-cyanopyridine (2.08 g, 20.0 mmol). After stirring for 14 h at room temperature, all volatiles were removed under reduced pressure. The solid residue was taken up into CH2Cl2 (30 mL) and washed with water (3 × 10 mL). Subsequently, the organic solvent was removed under reduced pressure and the product was dried under vacuum. Yield: 4.53 g (16.9 mmol, 85%, calculated for 1) of a light-yellow solid.



1H NMR (500.13 MHz, CD2Cl2): δ = 8.79 (d, 2H, CH, 3J(1H,1H) = 6.7 Hz), 8.79 (dm, 2H, CH, 3J(1H,1H) = 6.8 Hz), 5.95 (td, 1H, CF2H, 2J(19F,1H) = 54.6 Hz, 3J(19F,1H) = 9.2 Hz), 2.77(m, 2H, BH2) ppm; 1H{11B} NMR (500.13 MHz, CD2Cl2): δ = 8.79 (d, 2H, CH, 3J(1H,1H) = 6.7 Hz), 8.79 (d, 2H, CH, 3J(1H,1H) = 6.8 Hz)), 5.95 (td, 1H, CF2H, 2J(19F,1H) = 54.6 Hz, 3J(19F,1H) = 9.2 Hz), 2.77(d, 2H, BH2, 3J(19F,1H) = 24.7 Hz) ppm; 1H{19F} NMR (400.30 MHz, CD2Cl2): δ = 8.79 (d, 2H, CH, 3J(1H,1H) = 6.7 Hz), 8.79 (dm, 2H, CH, 3J(1H,1H) = 6.8 Hz), 5.95 (m, 1H, CF2H), 2.77(m, 2H, BH2) ppm; 11B NMR (160.46 MHz, CD2Cl2): δ = −8.8 (t, 1B, BH2, 1J(11B,1H) = 94.8 Hz) ppm; 11B{1H} NMR (160.46 MHz, CD2Cl2): δ = −8.8 (s, 1B, BH2) ppm; 11B{19F} NMR (160.46 MHz, CD2Cl2): δ = −8.8 (t, 1B, BH2, 1J(11B,1H) = 94.8 Hz) ppm; 13C{1H} NMR (125.76 MHz, CD2Cl2): δ = 150.3 (s, 2C, CH), 128.5 (s, 2C, CH), 125.9 (s, 1C, C−CN), 125.0 (qdt, 1C, CF3, 1J(19F,13C) = 284.1 Hz, 2J(19F,13C) = 25.7 Hz, 3J(19F,13C) = 5.4 Hz), 114.8 (s, 1C, CN), 114.9 (tdq, 1C, CF2H, 1J(19F,13C) = 246.3 Hz, 2J(19F,13C) = 27.2 Hz, 3J(19F,13C) = 2.9 Hz), 95.4 (d, br, 1C, CF, 1J(19F,13C) = 183.0 Hz) ppm; 13C{11B,1H} NMR (75.48 MHz, CD2Cl2): δ = 150.3 (s, 2C, CH), 128.5 (s, 2C, CH), 125.9 (s, 1C, C−CN), 125.0 (qdt, 1C, CF3, 1J(19F,13C) = 284.1 Hz, 2J(19F,13C) = 25.7 Hz, 3J(19F,13C) = 5.4 Hz), 114.9 (s, 1C, CN), 114.8 (tdq, 1C, CF2H, 1J(19F,13C) = 246.3 Hz, 2J(19F,13C) = 27.2 Hz, 3J(19F,13C) = 2.9 Hz), 95.4 (dqt, 1C, CF, 1J(19F,13C) = 183.0 Hz, 2J(19F,13C) = 28.8 Hz, 2J(19F,13C) = 25.1 Hz) ppm; 13C{19F} NMR (125.76 MHz, CD2Cl2): δ = 150.3 (d, 2C, CH, 1J(13C,1H) = 191.8 Hz), 128.5 (ddt, 2C, CH, 1J(13C,1H) = 176.2 Hz, 2J(13C,1H) = 6.5 Hz, 3J(13C,1H) = 2.7 Hz), 125.9 (t, 1C, C−CN, 3J(13C,1H) = 7.9 Hz), 125.0 (s, 1C, CF3), 114.9 (t, 1C, CN, 3J(13C,1H) = 5.3 Hz), 114.8 (d, 1C, CF2H, 1J(13C,1H) = 190.4 Hz), 95.4 (s, br, 1C, CF) ppm; 19F NMR (376.82 MHz, CD2Cl2): δ = −74.3 (dtt, 3F, CF3, 3J(19F,19F) = 10.3 Hz, 4J(19F,19F) = 7.9 Hz, 4J(19F,1H) = 2.2 Hz), −128.9 (dm, 2F, CF2H, 2J(19F,1H) = 54.2 Hz), −205.1 (tqm, 1F, CF, 3J(19F,19F) = 10.6 Hz, 3J(19F,19F) = 10.6 Hz) ppm; 19F{1H} NMR (376.82 MHz, CD2Cl2): δ = −74.3 (dt, 3F, CF3, 3J(19F,19F) = 10.3 Hz, 4J(19F,19F) = 7.9 Hz), −128.9 (m, 2F, CF2H), −205.1 (tq, 1F, CF, 3J(19F,19F) = 10.6 Hz, 3J(19F,19F) = 10.6 Hz) ppm; 19F{11B} NMR (470.59 MHz, CD2Cl2): δ = −74.3 (dtt, 3F, CF3, 3J(19F,19F) = 10.3 Hz, 4J(19F,19F) = 7.9 Hz, 4J(19F,1H) = 2.2 Hz), −128.9 (dm, 2F, CF2H, 2J(19F,1H) = 54.2 Hz), −205.1 (tqm, 1F, CF, 3J(19F,19F) = 10.6 Hz, 3J(19F,19F) = 10.6 Hz) ppm.



IR (ATR): 2464, 2430 cm−1 (    v  ~   (B–H)).



Raman: 2471, 2433 cm−1 (    v  ~   (B–H)), 2247 cm−1 (    v  ~   (C≡N)).



Elemental analysis: Calculated (%) for C9H7BF6N2, C 40.34, H 2.63, N 10.45; found, C 41.04, H 2.83, N 10.46.



HMRS ((–)-ESI): m/z (isotopic abundance) calculated for C9H7BF6N2: 268.06 (100.0%), 267.06 (24.8%), 269.06 (9.7%), 268.07 (2.4%); found, 268.06 (100.0%), 267.06 (25.2%), 269.06 (9.4%), 268.07 (1.0%).



Crystals of 2 suitable for an X-ray diffraction study were obtained via the slow evaporation of an acetone solution.




3.4.3. Hexafluoroisopropylborane-imidazole Adducts (3a–e)


A solution of 1 (0.4 M in toluene, 12.5 mL, 5.00 mmol) was added to the corresponding imidazole (5.00 mmol). After stirring for 48 h at room temperature, the reaction mixture was washed with water (3 × 5 mL). Subsequently, the organic phase was dried over Na2SO4, filtered, and the organic solvent was removed under reduced pressure. The product was dried under vacuum.



Hexafluoroisopropylborane-imidazole adduct 3a was prepared using imidazole (340 mg, 5.00 mmol). Yield: 963 mg (4.15 mmol, 85%, calculated for 1) of a colorless liquid.



Hexafluoroisopropylborane-imidazole-adduct 3a can also be prepared by using 1-(trimethylsilyl)imidazole (701 mg, 733 µL, 5.00 mmol). Yield: 1.03 g (4.44 mmol, 89%, calculated for 1) of a colorless liquid.



1H NMR (500.13 MHz, CD2Cl2): δ = 9.84 (s, br, 1H, NH), 8.00 (s, 1H, NCHN), 7.20 (s, br, 1H, CH), 7.15 (m, 1H, CH), 5.91 (tdq, 1H, CF2H, 2J(19F,1H) = 54.5 Hz, 3J(19F,1H) = 9.4 Hz, 4J(19F,1H) = 0.6 Hz), 2.46 (qd, 2H, BH2, 1J(11B,1H) = 99.8, 3J(19F,1H) = 26.8) ppm; 1H{11B} NMR (500.13 MHz, CD2Cl2): δ = 9.84 (s, br, 1H, NH), 8.00 (s, 1H, NCHN), 7.20 (s, br, 1H, CH), 7.15 (s, br, 1H, CH), 5.91 (td, 1H, CF2H, 2J(19F,1H) = 54.5 Hz, 3J(19F,1H) = 9.4 Hz), 2.46 (dq, 2H, BH2, 3J(19F,1H) = 26.8, 4J(19F,1H) = 2.7) ppm; 1H{19F} NMR (400.30 MHz, CD2Cl2): δ = 9.84 (s, br, 1H, NH), 8.00 (s, 1H, NCHN), 7.20 (s, br, 1H, CH), 7.15 (m, 1H, CH), 5.91 (m, 1H, CF2H), 2.46(q, 2H, BH2, 1J(11B,1H) = 99.2) ppm; 11B NMR (160.46 MHz, CD2Cl2): δ = −15.5 (t, 1B, BH2, 1J(11B,1H) = 99.8 Hz) ppm; 11B{1H} NMR (160.46 MHz, CD2Cl2): δ = −15.5 (s, 1B, BH2) ppm; 11B{19F} NMR (160.46 MHz, CD2Cl2): δ = −15.5 (t, 1B, BH2, 1J(11B,1H) = 99.8 Hz) ppm; 13C{1H} NMR (125.76 MHz, CD2Cl2): δ = 136.7 (s, 1C, NCHN), 127.9 (s, 1C, CH), 125.5 (qdt, 1C, CF3, 1J(19F,13C) = 283.6 Hz, 2J(19F,13C) = 25.9 Hz, 3J(19F,13C) = 4.9 Hz), 117.4 (s, 1C, CH), 115.3 (tdq, 1C, CF2H, 1J(19F,13C) = 246.6 Hz, 2J(19F,13C) = 27.0 Hz, 3J(19F,13C) = 2.8 Hz), 96.0 (d, br, 1C, CF, 1J(19F,13C) = 180.5 Hz) ppm; 13C{11B,1H} NMR (75.48 MHz, CD2Cl2): δ = 136.9 (s, 1C, NCHN), 125.4 (s, 1C, CH), 125.5 (qdt, 1C, CF3, 1J(19F,13C) = 283.6 Hz, 2J(19F,13C) = 25.9 Hz, 3J(19F,13C) = 4.9 Hz), 117.8 (s, 1C, CH), 115.5 (tdq, 1C, CF2H, 1J(19F,13C) = 246.6 Hz, 2J(19F,13C) = 27.0 Hz, 3J(19F,13C) = 2.8 Hz), 96.0 (dqt, 1C, CF, 1J(19F,13C) = 180.5 Hz, 2J(19F,13C) = 29.1 Hz, 2J(19F,13C) = 23.4 Hz) ppm; 13C{19F} NMR (125.76 MHz, CD2Cl2): δ = 136.7 (d, 1C, NCHN, 1J(13C,1H) = 217.8 Hz), 127.9 (dm, 1C, CH, 1J(13C,1H) = 200.3 Hz), 125.5 (s, 1C, CF3), 117.4 (dm, 1C, CH, 1J(13C,1H) = 199.3 Hz), 115.3 (dt, 1C, CF2H, 1J(13C,1H) = 188.7 Hz, 3J(13C,1H) = 3.3 Hz), 96.0 (m, br, 1C, CF) ppm; 19F NMR (376.82 MHz, CD2Cl2): δ = −73.9 (dtt, 3F, CF3, 3J(19F,19F) = 10.3 Hz, 4J(19F,19F) = 7.9 Hz, 4J(19F,1H) = 2.2 Hz), −129.5 (dm, 2F, CF2H, 2J(19F,1H) = 54.4 Hz), −205.3 (m, 1F, CF) ppm; 19F{1H} NMR (376.82 MHz, CD2Cl2): δ = −73.9 (dt, 3F, CF3, 3J(19F,19F) = 10.3 Hz, 4J(19F,19F) = 7.9 Hz), −129.5 (m, 2F, CF2H), −205.3 (m, 1F, CF) ppm; 19F{11B} NMR (470.59 MHz, CD2Cl2): δ = −73.9 (dtt, 3F, CF3, 3J(19F,19F) = 10.3 Hz, 4J(19F,19F) = 7.9 Hz, 4J(19F,1H) = 2.2 Hz), −129.5 (dm, 2F, CF2H, 2J(19F,1H) = 54.4 Hz), −205.3 (m, 1F, CF) ppm.



IR (ATR): 3447 cm−1 (    v  ~   (N–H)), 2414 cm−1 (    v  ~   (B–H)).



Raman: 2418 cm−1 (    v  ~   (B–H)).



Elemental analysis: Calculated (%) for C6H7BF6N2, C 31.07, H 3.04, N 12.06; found, C 31.09, H 3.07, N 12.85.



HMRS ((-)-APCI): m/z (isotopic abundance) calculated for deprotonated 3a C6H6BF6N2−: 231.05 (100.0%), 230.06 (24.8%), 232.06 (6.5%), 231.06 (1.6%); found, 231.05 (100.0%), 230.06 (23.7%), 232.06 (5.8%).



Hexafluoroisopropylborane-1-methylimidazole adduct 3b was prepared using 1-methylimidazole (410 mg, 396 µL, 5.00 mmol). Yield: 1.01 g (4.11 mmol, 82%, calculated for 1) of a colorless solid.



1H NMR (500.13 MHz, CD2Cl2): δ = 7.79 (s, 1H, NCHN), 7.10 (s, br, 1H, CH), 6.96 (m, 1H, CH), 5.88 (tdq, 1H, CF2H, 2J(19F,1H) = 54.5 Hz, 3J(19F,1H) = 9.4 Hz, 4J(19F,1H) = 0.6 Hz), 3.76 (s, 3H, CH3), 2.39 (qm, 2H, BH2, 1J(11B,1H) = 100.2) ppm; 1H{11B} NMR (500.13 MHz, CD2Cl2): δ = 7.79 (s, 1H, NCHN), 7.10 (s, br, 1H, CH), 6.96 (s, br, 1H, CH), 5.91 (td, 1H, CF2H, 2J(19F,1H) = 54.5 Hz, 3J(19F,1H) = 9.4 Hz), 3.76 (s, 3H, CH3), 2.39 (dq, 2H, BH2, 3J(19F,1H) = 27.1, 4J(19F,1H) = 2.8) ppm; 1H{19F} NMR (400.30 MHz, CD2Cl2): δ = 7.79 (s, 1H, NCHN), 7.10 (s, br, 1H, CH), 6.96 (m, 1H, CH), 5.88 (m, 1H, CF2H), 3.76 (s, 3H, CH3), 2.39 (q, 2H, BH2, 1J(11B,1H) = 100.2) ppm; 11B NMR (160.46 MHz, CD2Cl2): δ = −15.6 (t, 1B, BH2, 1J(11B,1H) = 100.2 Hz) ppm; 11B{1H} NMR (160.46 MHz, CD2Cl2): δ = −15.6 (s, 1B, BH2) ppm; 11B{19F} NMR (160.46 MHz, CD2Cl2): δ = −15.6 (t, 1B, BH2, 1J(11B,1H) = 100.2 Hz) ppm; 13C{1H} NMR (125.76 MHz, CD2Cl2): δ = 138.5 (s, 1C, NCHN), 128.4 (s, 1C, CH), 125.5 (qdt, 1C, CF3, 1J(19F,13C) = 284.2 Hz, 2J(19F,13C) = 25.9 Hz, 3J(19F,13C) = 4.8 Hz), 121.5 (s, 1C, CH), 115.4 (tdq, 1C, CF2H, 1J(19F,13C) = 246.4 Hz, 2J(19F,13C) = 26.7 Hz, 3J(19F,13C) = 2.8 Hz), 95.8 (d, br, 1C, CF, 1J(19F,13C) = 180.4 Hz), 35.5 (s, 1C, CH3) ppm; 13C{11B,1H} NMR (75.48 MHz, CD2Cl2): δ = 138.5 (s, 1C, NCHN), 128.2 (s, 1C, CH), 125.6 (qdt, 1C, CF3, 1J(19F,13C) = 284.2 Hz, 2J(19F,13C) = 25.9 Hz, 3J(19F,13C) = 4.8 Hz), 121.7 (s, 1C, CH), 115.5 (tdq, 1C, CF2H, 1J(19F,13C) = 246.4 Hz, 2J(19F,13C) = 26.7 Hz, 3J(19F,13C) = 2.8 Hz), 95.9 (dqt, 1C, CF, 1J(19F,13C) = 180.4 Hz, 2J(19F,13C) = 28.5 Hz, 2J(19F,13C) = 23.3 Hz), 35.4 (s, 1C, CH3) ppm; 13C{19F} NMR (125.76 MHz, CD2Cl2): δ = 138.5 (d, 1C, NCHN, 1J(13C,1H) = 214.9 Hz), 128.4 (dm, 1C, CH, 1J(13C,1H) = 198.8 Hz), 125.5 (s, 1C, CF3), 121.5 (dm, 1C, CH, 1J(13C,1H) = 197.9 Hz), 115.4 (dt, 1C, CF2H, 1J(13C,1H) = 189.1 Hz, 3J(13C,1H) = 3.3 Hz), 95.8 (m, br, 1C, CF), 35.5 (q, 1C, CH3, 1J(13C,1H) = 142.4 Hz) ppm; 19F NMR (376.82 MHz, CD2Cl2): δ = −74.0 (dtt, 3F, CF3, 3J(19F,19F) = 10.2 Hz, 4J(19F,19F) = 8.0 Hz, 4J(19F,1H) = 2.2 Hz), −129.7 (dm, 2F, CF2H, 2J(19F,1H) = 54.3 Hz), −205.8 (m, 1F, CF) ppm; 19F{1H} NMR (376.82 MHz, CD2Cl2): δ = −74.0 (dt, 3F, CF3, 3J(19F,19F) = 10.2 Hz, 4J(19F,19F) = 8.0 Hz), −129.7 (m, 2F, CF2H), −205.8 (m, 1F, CF) ppm; 19F{11B} NMR (470.59 MHz, CD2Cl2): δ = −74.0 (dtt, 3F, CF3, 3J(19F,19F) = 10.3 Hz, 4J(19F,19F) = 7.9 Hz, 4J(19F,1H) = 2.2 Hz), −129.5 (dm, 2F, CF2H, 2J(19F,1H) = 54.3 Hz), −205.8 (m, 1F, CF) ppm.



IR (ATR): 2395 cm−1 (    v  ~   (B–H)).



Raman: 2407 cm−1 (    v  ~   (B–H)).



Elemental analysis: Calculated (%) for C7H9BF6N2, C 34.18, H 3.69, N 11.39; found, C 34.16, H 3.61, N 11.24.



HMRS ((-)-APCI): m/z (isotopic abundance) calculated for deprotonated 3b C7H8BF6N2−: 245.07 (100.0%), 244.07 (24.8%), 246.07 (7.6%), 245.08 (1.9%); found, 245.07 (100.0%), 244.07 (24.1%), 246.07 (7.6%), 245.08 (1.0%).



Crystals of 3b suitable for an X-ray diffraction study were obtained via the slow evaporation of a toluene solution or from a saturated aqueous solution.



Hexafluoroisopropylborane-1-butylimidazole adduct 3c was prepared using 1-butylimidazole (621 mg, 657 µL, 5.00 mmol). Yield: 1.24 g (4.31 mmol, 86%, calculated for 1) of a colorless liquid.



1H NMR (500.13 MHz, CD2Cl2): δ = 7.80 (s, 1H, NCHN), 7.11 (s, br, 1H, CH), 6.98(m, 1H, CH), 5.88 (tdm, 1H, CF2H, 2J(19F,1H) = 54.5 Hz, 3J(19F,1H) = 9.3 Hz), 4.00 (t, 2H, CH2, 3J(1H,1H) = 7.2), 2.40 (qm, 2H, BH2, 1J(11B,1H) = 97.5), 1.80 (m, 2H, CH2), 1.33 (m, 2H, CH2), 0.95 (t, 3H, CH3, 3J(1H,1H) = 7.4) ppm; 1H{11B} NMR (500.13 MHz, CD2Cl2): δ = 7.80 (s, 1H, NCHN), 7.11 (s, br, 1H, CH), 6.98(m, 1H, CH), 5.88 (tdm, 1H, CF2H, 2J(19F,1H) = 54.5 Hz, 3J(19F,1H) = 9.3 Hz), 4.00 (t, 2H, CH2, 3J(1H,1H) = 7.2), 2.40 (dq, 2H, BH2, 3J(19F,1H) = 27.2, 4J(19F,1H) = 2.7), 1.80 (m, 2H, CH2), 1.33 (m, 2H, CH2), 0.95 (t, 3H, CH3, 3J(1H,1H) = 7.4) ppm; 1H{19F} NMR (400.30 MHz, CD2Cl2): δ = 7.80 (s, 1H, NCHN), 7.11 (s, br, 1H, CH), 6.98(m, 1H, CH), 5.88 (m, 1H, CF2H), 4.00 (t, 2H, CH2, 3J(1H,1H) = 7.2), 2.40 (qm, 2H, BH2, 1J(11B,1H) = 97.5), 1.80 (m, 2H, CH2), 1.33 (m, 2H, CH2), 0.95 (t, 3H, CH3, 3J(1H,1H) = 7.4) ppm; 11B NMR (160.46 MHz, CD2Cl2): δ = −15.6 (t, 1B, BH2, 1J(11B,1H) = 97.5 Hz) ppm; 11B{1H} NMR (160.46 MHz, CD2Cl2): δ = −15.6 (s, 1B, BH2) ppm; 11B{19F} NMR (160.46 MHz, CD2Cl2): δ = −15.6 (t, 1B, BH2, 1J(11B,1H) = 97.5 Hz) ppm; 13C{1H} NMR (125.76 MHz, CD2Cl2): δ = 137.8 (s, 1C, NCHN), 128.3 (s, 1C, CH), 125.6 (qdt, 1C, CF3, 1J(19F,13C) = 283.7 Hz, 2J(19F,13C) = 26.0 Hz, 3J(19F,13C) = 4.8 Hz), 120.2 (s, 1C, CH), 115.4 (tdq, 1C, CF2H, 1J(19F,13C) = 247.0 Hz, 2J(19F,13C) = 27.0 Hz, 3J(19F,13C) = 2.9 Hz), 95.8 (d, br, 1C, CF, 1J(19F,13C) = 181.0 Hz), 49.1 (s, 1C, CH2), 32.7 (s, 1C, CH2), 19.8 (s, 1C, CH2) 13.5 (s, 1C, CH3) ppm; 13C{11B,1H} NMR (75.48 MHz, CD2Cl2): δ = 137.9 (s, 1C, NCHN), 128.2 (s, 1C, CH), 125.7 (qdt, 1C, CF3, 1J(19F,13C) = 283.7 Hz, 2J(19F,13C) = 26.0 Hz, 3J(19F,13C) = 4.8 Hz), 120.4 (s, 1C, CH), 115.5 (tdq, 1C, CF2H, 1J(19F,13C) = 247.0 Hz, 2J(19F,13C) = 27.0 Hz, 3J(19F,13C) = 2.9 Hz), 96.0 (dqt, 1C, CF, 1J(19F,13C) = 181.0 Hz, 2J(19F,13C) = 28.6 Hz, 2J(19F,13C) = 23.6 Hz), 49.1 (s, 1C, CH2), 32.7 (s, 1C, CH2), 19.8 (s, 1C, CH2) 13.5 (s, 1C, CH3) ppm; 13C{19F} NMR (125.76 MHz, CD2Cl2): δ = 137.8 (d, 1C, NCHN, 1J(13C,1H) = 214.3 Hz), 128.3 (dm, 1C, CH, 1J(13C,1H) = 198.7 Hz), 125.6 (s, 1C, CF3), 120.2 (dm, 1C, CH, 1J(13C,1H) = 195.9 Hz), 115.4 (dt, 1C, CF2H, 1J(13C,1H) = 188.8 Hz, 3J(13C,1H) = 3.3 Hz), 95.8 (m, br, 1C, CF), 49.1 (tm, 1C, CH2, 1J(13C,1H) = 141.3 Hz), 32.7 (tm, 1C, CH2, 1J(13C,1H) = 127.7 Hz), 19.8 (tm, 1C, CH2, 1J(13C,1H) = 126.0 Hz) 13.5 (qm, 1C, CH3, 1J(13C,1H) = 125.1 Hz) ppm; 19F NMR (376.82 MHz, CD2Cl2): δ = −74.1 (dtt, 3F, CF3, 3J(19F,19F) = 10.2 Hz, 4J(19F,19F) = 8.0 Hz, 4J(19F,1H) = 2.3 Hz), −129.7 (dm, 2F, CF2H, 2J(19F,1H) = 54.6 Hz), −205.7 (m, 1F, CF) ppm; 19F{1H} NMR (376.82 MHz, CD2Cl2): δ = −74.1 (dt, 3F, CF3, 3J(19F,19F) = 10.2 Hz, 4J(19F,19F) = 8.0 Hz), −129.7 (m, 2F, CF2H), −205.7 (m, 1F, CF) ppm; 19F{11B} NMR (470.59 MHz, CD2Cl2): δ = −74.1 (dtt, 3F, CF3, 3J(19F,19F) = 10.3 Hz, 4J(19F,19F) = 7.9 Hz, 4J(19F,1H) = 2.2 Hz), −129.7 (dm, 2F, CF2H, 2J(19F,1H) = 54.3 Hz), −205.7 (m, 1F, CF) ppm.



IR (ATR): 2412 cm−1 (    v  ~   (B–H)).



Raman: 2417 cm−1 (    v  ~   (B–H)).



Elemental analysis: Calculated (%) for C10H15BF6N2, C 41.70, H 5.25, N 9.73; found, C 41.76, H 5.41, N 10.51.



HMRS ((-)-APCI): m/z (isotopic abundance) calculated for deprotonated 3c C10H14BF6N2−: 287.12 (100.0%), 286.12 (24.8%), 288.12 (10.8%), 287.12 (2.7%); found, 287.12 (100.0%), 286.12 (24.3%), 288.12 (11.0%), 287.12 (0.4%).



Hexafluoroisopropyl-1-vinylimidazole adduct 3d was prepared using 1-vinylimidazole (470 mg, 452 µL, 5.00 mmol). Yield: 1.14 g (4.40 mmol, 88%, calculated for 1) of a colorless liquid.



1H NMR (500.13 MHz, CD2Cl2): δ = 8.02 (s, 1H, NCHN), 7.28 (m, 1H, CH), 7.19 (s, br, 1H, CH), 6.92 (dd, 1H, CHVn, 3J(1H,1H) = 15.7 Hz, 3J(1H,1H) = 8.7 Hz), 5.91 (tdq, 1H, CF2H, 2J(19F,1H) = 54.6 Hz, 3J(19F,1H) = 9.4 Hz, 4J(19F,1H) = 0.6 Hz), 5.56 (dd, 1H, CH2Vn, 3J(1H,1H) = 15.7 Hz, 3J(1H,1H) = 2.6 Hz), 5.26 (dd, 1H, CH2Vn, 3J(1H,1H) = 8.7 Hz, 3J(1H,1H) = 2.6 Hz), 2.43 (qm, 2H, BH2, 1J(11B,1H) = 99.5) ppm; 1H{11B} NMR (500.13 MHz, CD2Cl2): δ = 8.02 (s, 1H, NCHN), 7.28 (m, 1H, CH), 7.19 (s, br, 1H, CH), 6.92 (dd, 1H, CHVn, 3J(1H,1H) = 15.7 Hz, 3J(1H,1H) = 8.7 Hz), 5.91 (tdq, 1H, CF2H, 2J(19F,1H) = 54.6 Hz, 3J(19F,1H) = 9.4 Hz, 4J(19F,1H) = 0.6 Hz), 5.56 (dd, 1H, CH2Vn, 3J(1H,1H) = 15.7 Hz, 3J(1H,1H) = 2.6 Hz), 5.26 (dd, 1H, CH2Vn, 3J(1H,1H) = 8.7 Hz, 3J(1H,1H) = 2.6 Hz), 2.43 (dq, 2H, BH2, 3J(19F,1H) = 26.5, 4J(19F,1H) = 2.8) ppm; 1H{19F} NMR (400.30 MHz, CD2Cl2): δ = 8.02 (s, 1H, NCHN), 7.28 (m, 1H, CH), 7.19 (s, br, 1H, CH), 6.92 (dd, 1H, CHVn, 3J(1H,1H) = 15.7 Hz, 3J(1H,1H) = 8.7 Hz), 5.91 (m, 1H, CF2H), 5.56 (dd, 1H, CH2Vn, 3J(1H,1H) = 15.7 Hz, 3J(1H,1H) = 2.6 Hz), 5.26 (dd, 1H, CH2Vn, 3J(1H,1H) = 8.7 Hz, 3J(1H,1H) = 2.6 Hz), 2.43 (qm, 2H, BH2, 1J(11B,1H) = 99.5) ppm; 11B NMR (160.46 MHz, CD2Cl2): δ = −15.5 (t, 1B, BH2, 1J(11B,1H) = 99.5 Hz) ppm; 11B{1H} NMR (160.46 MHz, CD2Cl2): δ = −15.5 (s, 1B, BH2) ppm; 11B{19F} NMR (160.46 MHz, CD2Cl2): δ = −15.5 (t, 1B, BH2, 1J(11B,1H) = 99.5 Hz) ppm; 13C{1H} NMR (125.76 MHz, CD2Cl2): δ = 136.7 (s, 1C, NCHN), 129.0 (s, 1C, CH), 128.7 (s, 1C, CHVn), 125.5 (qdt, 1C, CF3, 1J(19F,13C) = 283.4 Hz, 2J(19F,13C) = 25.7 Hz, 3J(19F,13C) = 4.9 Hz), 117.4 (s, 1C, CH), 115.3 (tdq, 1C, CF2H, 1J(19F,13C) = 246.5 Hz, 2J(19F,13C) = 27.1 Hz, 3J(19F,13C) = 2.9 Hz), 107.6 (s, 1C, CHVn), 95.7 (d, br, 1C, CF, 1J(19F,13C) = 181.0 Hz) ppm; 13C{11B,1H} NMR (75.48 MHz, CD2Cl2): δ = 136.8 (s, 1C, NCHN), 128.9 (s, 1C, CH), 128.7 (s, 1C, CHVn), 125.5 (qdt, 1C, CF3, 1J(19F,13C) = 283.4 Hz, 2J(19F,13C) = 25.7 Hz, 3J(19F,13C) = 4.9 Hz), 117.5 (s, 1C, CH), 115.4 (tdq, 1C, CF2H, 1J(19F,13C) = 246.5 Hz, 2J(19F,13C) = 27.1 Hz, 3J(19F,13C) = 2.9 Hz), 107.5 (s, 1C, CHVn), 95.7 (dqt, 1C, CF, 1J(19F,13C) = 181.0 Hz, 2J(19F,13C) = 29.0 Hz, 2J(19F,13C) = 23.5 Hz) ppm; 13C{19F} NMR (125.76 MHz, CD2Cl2): δ = 136.7 (d, 1C, NCHN, 1J(13C,1H) = 217.1 Hz), 129.0 (dm, 1C, CH, 1J(13C,1H) = 200.0 Hz), 128.7 (dm, 1C, CHVn, 1J(13C,1H) = 184.1 Hz), 125.5 (s, 1C, CF3), 117.4 (dm, 1C, CH, 1J(13C,1H) = 198.9 Hz), 115.3 (dt, 1C, CF2H, 1J(13C,1H) = 188.8 Hz, 3J(13C,1H) = 3.3 Hz), 107.6 (dd, 1C, CHVn, 1J(13C,1H) = 167.1, 1J(13C,1H) = 159.4 Hz), 95.7 (m, br, 1C, CF) ppm; 19F NMR (376.82 MHz, CD2Cl2): δ = −74.1 (dtt, 3F, CF3, 3J(19F,19F) = 10.2 Hz, 4J(19F,19F) = 8.0 Hz, 4J(19F,1H) = 2.2 Hz), −129.6 (dm, 2F, CF2H, 2J(19F,1H) = 54.5 Hz), −205.8 (m, 1F, CF) ppm; 19F{1H} NMR (376.82 MHz, CD2Cl2): δ = −74.0 (dt, 3F, CF3, 3J(19F,19F) = 10.1 Hz, 4J(19F,19F) = 8.1 Hz), −129.6 (m, 2F, CF2H), −205.8 (m, 1F, CF) ppm; 19F{11B} NMR (470.59 MHz, CD2Cl2): δ = −74.1 (dtt, 3F, CF3, 3J(19F,19F) = 10.2 Hz, 4J(19F,19F) = 8.0 Hz, 4J(19F,1H) = 2.2 Hz, −129.6 (dm, 2F, CF2H, 2J(19F,1H) = 54.5 Hz), −205.8 (m, 1F, CF) ppm.



IR (ATR): 2415 cm−1 (    v  ~   (B–H)).



Raman: 2420 cm−1 (    v  ~   (B–H)).



Elemental analysis: Calculated (%) for C7H9BF6N2, C 37.25, H 3.52, N 10.89; found, C 37.57, H 3.66, N 11.29.



HMRS ((-)-APCI): m/z (isotopic abundance) calculated for deprotonated 3d C8H8BF6N2−: 257.07 (100.0%), 256.07 (24.8%), 258.07 (8.7%), 257.08 (2.1%); found, 257.07 (100.0%), 256.07 (23.3%), 258.07 (8.3%), 257.08 (0.3%).



Hexafluoroisopropyl-benzimidazole adduct 3e was prepared using benzimidazole (590 mg, 5.00 mmol). Yield: 1.41 g (4.44 mmol, 89%, calculated for 1) of a colorless liquid.



1H NMR (500.13 MHz, CD2Cl2): δ = 10.40 (s, br, 1H, NH), 8.39 (s, 1H, NCHN), 7.98 (m. 1H, CH), 7.61 (m, 1H, CH), 7.50 (m, 2H, CH), 6.00 (tdq, 1H, CF2H, 2J(19F,1H) = 54.5 Hz, 3J(19F,1H) = 9.4 Hz, 4J(19F,1H) = 0.6 Hz), 2.76 (m, 2H, BH2) ppm; 1H{11B} NMR (500.13 MHz, CD2Cl2): δ = 10.40 (s, br, 1H, NH), 8.39 (s, 1H, NCHN), 7.98 (m, 1H, CH), 7.61 (m, 1H, CH), 7.50 (m, 2H, CH), 6.00 (td, 1H, CF2H, 2J(19F,1H) = 54.5 Hz, 3J(19F,1H) = 9.4 Hz), 2.76 (dq, 2H, BH2, 3J(19F,1H) = 27.1, 4J(19F,1H) = 2.7) ppm; 1H{19F} NMR (400.30 MHz, CD2Cl2): δ = 10.47 (s, br, 1H, NH), 8.39 (s, 1H, NCHN), 7.98 (m. 1H, CH), 7.61 (m, 1H, CH), 7.50 (m, 2H, CH), 6.00 (m, 1H, CF2H, 2J(19F,1H) = 54.5 Hz, 3J(19F,1H) = 9.4 Hz, 4J(19F,1H) = 0.6 Hz), 2.76 (m, 2H, BH2) ppm; 11B NMR (160.46 MHz, CD2Cl2): δ = −17.1 (t, 1B, BH2, 1J(11B,1H) = 95.7 Hz) ppm; 11B{1H} NMR (160.46 MHz, CD2Cl2): δ = −17.1 (s, 1B, BH2) ppm; 11B{19F} NMR (160.46 MHz, CD2Cl2): δ = −17.1 (t, 1B, BH2, 1J(11B,1H) = 95.7 Hz) ppm; 13C{1H} NMR (125.76 MHz, CD2Cl2): δ = 142.2 (s, 1C, NCHN), 136.7 (s, 1C, CH), 131.1 (s, 1C, CH), 126.2 (s, 1C, CH), 125.7 (s, 1C, CH), 125.6 (qdt, 1C, CF3, 1J(19F,13C) = 283.5 Hz, 2J(19F,13C) = 26.0 Hz, 3J(19F,13C) = 5.0 Hz), 117.6 (m, 1C, CH), 115.4 (tdq, 1C, CF2H, 1J(19F,13C) = 246.5 Hz, 2J(19F,13C) = 26.9 Hz, 3J(19F,13C) = 2.9 Hz), 112.9 (s, 1C, CH), 96.5 (d, br, 1C, CF, 1J(19F,13C) = 180.5 Hz) ppm; 13C{11B,1H} NMR (75.48 MHz, CD2Cl2): δ = 142.2 (s, 1C, NCHN), 136.6 (s, 1C, CH), 131.2 (s, 1C, CH), 126.2 (s, 1C, CH), 125.7 (s, 1C, CH), 125.6 (qdt, 1C, CF3, 1J(19F,13C) = 283.6 Hz, 2J(19F,13C) = 25.9 Hz, 3J(19F,13C) = 4.9 Hz), 117.4 (m, 1C, CH), 115.5 (tdq, 1C, CF2H, 1J(19F,13C) = 246.5 Hz, 2J(19F,13C) = 26.9 Hz, 3J(19F,13C) = 2.9 Hz), 113.0 (s, 1C, CH), 96.6 (dqt, 1C, CF, 1J(19F,13C) = 181.0 Hz, 2J(19F,13C) = 28.9 Hz, 2J(19F,13C) = 23.7 Hz) ppm; 13C{19F} NMR (125.76 MHz, CD2Cl2): δ = 142.2 (dm, 1C, NCHN, 1J(13C,1H) = 214.3 Hz), 136.6 (m, 1C, CH), 131.2 (m, 1C, CH), 126.2 (dm, 1C, CH, 1J(13C,1H) = 162.9 Hz), 125.7 (s, 1C, CH, 1J(13C,1H) = 162.4 Hz), 125.6 (s, 1C, CF3), 117.6 (dm, 1C, CH, 1J(13C,1H) = 168.4 Hz), 115.3 (dt, 1C, CF2H, 1J(13C,1H) = 188.6 Hz, 3J(13C,1H) = 3.3 Hz), 112.9 (dm, 1C, CH, 1J(13C,1H) = 167.3 Hz), 96.5 (m, br, 1C, CF) ppm; 19F NMR (376.82 MHz, CD2Cl2): δ = −74.0 (dtt, 3F, CF3, 3J(19F,19F) = 10.2 Hz, 4J(19F,19F) = 8.0 Hz, 4J(19F,1H) = 2.2 Hz), −129.4 (dm, 2F, CF2H, 2J(19F,1H) = 54.4 Hz), −203.9 (m, 1F, CF) ppm; 19F{1H} NMR (376.82 MHz, CD2Cl2): δ = −74.0 (dt, 3F, CF3, 3J(19F,19F) = 10.2 Hz, 4J(19F,19F) = 8.0 Hz), −129.4 (m, 2F, CF2H), −203.9 (m, 1F, CF) ppm; 19F{11B} NMR (470.59 MHz, CD2Cl2): δ = −74.0 (dtt, 3F, CF3, 3J(19F,19F) = 10.3 Hz, 4J(19F,19F) = 7.9 Hz, 4J(19F,1H) = 2.2 Hz), −129.3 (dm, 2F, CF2H, 2J(19F,1H) = 54.4 Hz), −203.9 (m, 1F, CF) ppm.



IR (ATR): 3434 cm−1 (    v  ~   (N–H)), 2415 cm−1 (    v  ~   (B–H)).



Raman: 2420 cm−1, 2421 cm−1 (    v  ~   (B–H)).



Elemental analysis: Calculated (%) for C10H8BF6N2, C 42.59, H 3.22, N 9.93; found, C 42.73, H 3.39, N 10.28.



HMRS ((-)-APCI): m/z (isotopic abundance) calculated for deprotonated 3e C10H8BF6N2−: 281.07 (100.0%), 280.07 (24.8%), 282.07 (10.8%), 281.08 (2.7%); found, 281.07 (100.0%), 280.07 (24.8%), 282.07 (10.4%).




3.4.4. Hexafluoroisopropylborane-1,3-bis(2,6-diisopropylphenyl)-imidazolin-2-ylidene Adduct (4)


A solution of 1 (0.2 M in toluene, 5.00 mL, 1.00 mmol) was added to IDipp 1,3-bis-(2,6-diisopropylphenyl)-imidazolin-2-ylidene (389 mg, 1.00 mmol). After stirring for 48 h at room temperature, all volatiles were removed under reduced pressure. The solid residue was taken up in Et2O (25 mL) and washed with water (3 × 5 mL). Subsequently, the organic phase was dried over Na2SO4, filtered, and the organic solvent was removed under reduced pressure. After purification by column chromatography (CH2Cl2/hexane 85:15), the product was dried under vacuum. Yield: 321 mg (0.584 mmol, 58%, calculated for 1) of a colorless solid.



1H NMR (500.13 MHz, CD2Cl2): δ = 7.52 (t, 2H, p-CH, C3H6, 3J(1H,1H) = 7.7 Hz), 7.34 (d, 4H, m-CH, C3H6, 3J(1H,1H) = 7.8 Hz), 7.15 (s, 2H, CH, 3J(1H,1H) = 7.8 Hz), 5.95 (td, 1H, CF2H, 2J(19F,1H) = 54.5 Hz, 3J(19F,1H) = 9.5 Hz), 2.59 (sept, 4H, CH(CH3)2, 3J(1H,1H) = 6.9 Hz), 1.33 (dm, 12H, CH(CH)3(CH)3, 3J(1H,1H) = 6.7 Hz), 1.23 (m, 2H, BH2), 1.14 (dm, 12H, CH(CH)3(CH)3, 3J(1H,1H) = 6.7 Hz) ppm; 1H{11B} NMR (500.13 MHz, CD2Cl2): δ = 7.52 (t, 2H, p-CH, C3H6, 3J(1H,1H) = 7.7 Hz), 7.34 (d, 4H, m-CH, C3H6, 3J(1H,1H) = 7.8 Hz), 7.15 (s, 2H, CH, 3J(1H,1H) = 7.8 Hz), 5.35 (td, 1H, CF2H, 2J(19F,1H) = 54.5 Hz, 3J(19F,1H) = 9.5 Hz), 2.59 (sept, 4H, CH(CH3)2, 3J(1H,1H) = 6.9 Hz), 1.33 (dm, 12H, CH(CH)3(CH)3, 3J(1H,1H) = 6.7 Hz), 1.23 (m, 2H, BH2), 1.14 (dm, 12H, CH(CH)3(CH)3, 3J(1H,1H) = 6.7 Hz) ppm; 1H{19F} NMR (400.30 MHz, CD2Cl2): δ = 7.53 (t, 2H, p-CH, C3H6, 3J(1H,1H) = 7.7 Hz), 7.34 (d, 4H, m-CH, C3H6, 3J(1H,1H) = 7.8 Hz), 7.15 (s, 2H, CH, 3J(1H,1H) = 7.8 Hz), 5.35 (d, 1H, CF2H, 3J(19F,1H) = 9.5 Hz), 2.59 (sept, 4H, CH(CH3)2, 3J(1H,1H) = 6.9 Hz), 1.33 (dm, 12H, CH(CH)3(CH)3, 3J(1H,1H) = 6.7 Hz), 1.23 (m, 2H, BH2), 1.14 (dm, 12H, CH(CH)3(CH)3, 3J(1H,1H) = 6.7 Hz) ppm; 11B NMR (160.46 MHz, CD2Cl2): δ = −29.2 (t, 1B, BH2, 1J(11B,1H) = 88.1 Hz) ppm; 11B{1H} NMR (160.46 MHz, CD2Cl2): δ = −29.2 (s, 1B, BH2) ppm; 11B{19F} NMR (160.46 MHz, CD2Cl2): δ = −29.2 (t, 1B, BH2, 1J(11B,1H) = 88.1 Hz) ppm; 13C{1H} NMR (125.76 MHz, CD2Cl2): δ = 170.0 (m. br, 1C, NCN), 146.1 (m, 4C, ArC), 134.7 (m, 2C, ArC), 130.7 (m, 2C, ArCH), 125.6 (qdm, 1C, CF3, 1J(19F,13C) = 283.4 Hz, 2J(19F,13C) = 26.5 Hz), 124.4 (m, 4C, ArCH), 124.0 (m, 2C, NCH), 115.5 (tdq, 1C, CF2H, 1J(19F,13C) = 247.6 Hz, 2J(19F,13C) = 25.3 Hz, 3J(19F,13C) = 2.6 Hz), 96.7 (d, br, 1C, CF, 1J(19F,13C) = 177.6 Hz), 29.0 (s, 4C, iPrCH), 26.1 (s, 4C, iPrCH3), 22.3 (m, 4C, iPrCH3) ppm; 13C{19F} NMR (125.76 MHz, CD2Cl2): δ = 170.0 (m. br, 1C, NCN), 146.1 (m, 4C, ArC), 134.7 (m, 2C, ArC), 130.7 (dm, 2C, ArCH, 1J(13C,1H) = 158.2 Hz), 125.6 (s, 1C, CF3), 124.4 (dm, 4C, ArCH, 1J(13C,1H) = 123.7 Hz), 124.0 (dm, 2C, NCH, 1J(13C,1H) = 198.2 Hz), 115.5 (dm, 1C, CF2H, 1J(13C,1H) = 188.8 Hz), 96.7 (m, br, 1C, CF), 29.0 (dm, 4C, iPrCH, 1J(13C,1H) = 128.9 Hz), 26.1 (qm, 4C, iPrCH3, 1J(13C,1H) = 126.7 Hz), 22.3 (qm, 4C, iPrCH3, 1J(13C,1H) = 125.8 Hz) ppm; 19F NMR (376.82 MHz, CD2Cl2): δ = −74.1 (dt, 3F, CF3, 3J(19F,19F) ≈ 10.3 Hz, 4J(19F,19F) ≈ 7.9 Hz), −129.2 (dm, 2F, CF2H, 2J(19F,1H) = 53.8 Hz), −200.3 (m, 1F, CF) ppm; 19F{1H} NMR (376.82 MHz, CD2Cl2): δ = −74.1 (dt, 3F, CF3, 3J(19F,19F) ≈ 10.3 Hz, 4J(19F,19F) ≈ 7.9 Hz), −129.2 (m, 2F, CF2H), −200.3 (m, 1F, CF) ppm; 19F{11B} NMR (470.59 MHz, CD2Cl2): δ = −74.1 (dt, 3F, CF3, 3J(19F,19F) ≈ 10.3 Hz, 4J(19F,19F) ≈ 7.9 Hz), −129.2 (dm, 2F, CF2H, 2J(19F,1H) = 53.8 Hz), −200.3 (m, 1F, CF) ppm.



IR (ATR): 2430, 2402 cm−1 (    v  ~   (B–H)).



Raman: 2434, 2403 cm−1 (    v  ~   (B–H)).



Elemental analysis: Calculated (%) for C30H39BF6N2, C 65.22, H 7.12, N 5.07; found, C 65.13, H 7.13, N 5.03.



HMRS ((-)-APCI): m/z (isotopic abundance) calculated for deprotonated 3 C30H38BF6N2−: 551.30 (100.0%), 552.31 (32.4%), 550.31 (24.8%), 551.31 (5.6%), 553.31 (3.4%); found, 551.30 (100.0%), 552.31 (34.1%), 550.31 (25.8%), 553.31 (4.4%).



Crystals of 4 suitable for an X-ray diffraction study were obtained via the slow evaporation of a CH2Cl2 solution.




3.4.5. Benzyltriphenylphosphonium Hexafluoroisopropylcyanodihydridoborate ([BnPPh3]5)


Tetrabutylammonium cyanide (805 mg, 4.20 mmol) was added to a solution of 1 (0.2 M in toluene, 15 mL, 3.00 mmol). After stirring for 14 h at room temperature, all volatiles were removed under reduced pressure. Subsequently, a solution of [BnPPh3]Cl (1.17 g, 3.00 mmol) in ethanol (30 mL) and hydrochloric acid (0.5 M, 3 mL) was added to the solid residue. The product was precipitated from the solution by dropwise addition of water (200 mL). After stirring the suspension for 14 h at room temperature the product was filtered off, washed with water (3 × 20 mL) and diethyl ether (2 × 10 mL), and dried under vacuum. Yield: 750 mg (1.38 mmol, 35%, calculated for 1) of a colorless solid.



1H NMR (500.13 MHz, (CD3)2CO): δ = 7.95 (m, 3H, CH), 7.77 (m, 12H, CH), 7.35 (m, 1H, CH), 7.26 (m, 2H, CH), 7.11 (m, 2H, CH), 5.93 (tdm, 1H, CF2H, 2J(19F,1H) = 54.5 Hz, 3J(19F,1H) = 8.6 Hz), 5.10 (d, 2H, CH2, 2J(31P,1H) = 15.0 Hz), 1.14 (qd, 2H, BH2, 1J(11B,1H) = 92.6, 3J(19F,1H) = 29.2) ppm; 1H{11B} NMR (500.13 MHz, (CD3)2CO): δ = 7.95 (m, 3H, CH), 7.77 (m, 12H, CH), 7.35 (m, 1H, CH), 7.26 (m, 2H, CH), 7.11 (m, 2H, CH), 5.93 (tdm, 1H, CF2H, 2J(19F,1H) = 54.5 Hz, 3J(19F,1H) = 8.6 Hz), 5.10 (d, 2H, CH2, 2J(31P,1H) = 15.0 Hz), 1.14 (dm, 2H, BH2, 3J(19F,1H) = 29.2) ppm; 1H{19F} NMR (400.30 MHz, (CD3)2CO): δ = 7.94 (m, 3H, CH), 7.77 (m, 12H, CH), 7.34 (m, 1H, CH), 7.25 (m, 2H, CH), 7.12 (m, 2H, CH), 5.95 (m, 1H, CF2H), 5.10 (d, 2H, CH2, 2J(31P,1H) = 15.0 Hz), 1.20 (qd, 2H, BH2, 1J(11B,1H) = 92.6, 3J(19F,1H) = 29.2) ppm; 11B NMR (160.46 MHz, (CD3)2CO): δ = −33.3 (td, 1B, BH2, 1J(11B,1H) = 92.6 Hz, 2J(19F,11B) = 10.5 Hz) ppm; 11B{1H} NMR (160.46 MHz, (CD3)2CO): δ = −33.3 (d, 1B, BH2, 2J(19F,11B) = 10.5 Hz) ppm; 11B{19F} NMR (160.46 MHz, (CD3)2CO): δ = −33.3 (t, 1B, BH2, 1J(11B,1H) = 92.6 Hz) ppm; 13C{1H} NMR (125.76 MHz, (CD3)2CO): δ = 136.2 (d, 3C, p-Ph-CH, 4J(31P,13C) = 3.0 Hz), 135.1 (d, 12C, o-Ph-CH, 2J(31P,13C) = 9.8 Hz), 131.9 (d, 2C, o-Bn-CH, 3J(31P,13C) = 5.5 Hz), 131.1 (d, 12C, m-Ph-CH, 3J(31P,13C) = 12.6 Hz), 129.8 (d, 2C, m-Bn-CH, 4J(31P,13C) = 3.3 Hz), 129.5 (d, 1C, p-Bn-CH, 5J(31P,13C) = 3.8 Hz), 128.4 (d, 1C, i-Bn-CH, 2J(31P,13C) = 8.5 Hz), 126.8 (qdm, 1C, CF3, 1J(19F,13C) = 282.6 Hz, 2J(19F,13C) = 26.6 Hz), 118.7 (d, 3C, i-Ph-CH, 1J(31P,13C) = 85.8 Hz), 116.7 (tdm, 1C, CF2H, 1J(19F,13C) = 247.6 Hz, 2J(19F,13C) = 27.2 Hz), 97.0 (m, br, 1C, CF), 30.4 (d, 1C, PCH2, 1J(31P,13C) = 29.3 Hz) ppm (CN not detected); 13C{11B,1H} NMR (75.48 MHz, (CD3)2CO): δ = 136.0 (d, 3C, p-Ph-CH, 4J(31P,13C) = 3.0 Hz), 135.0 (d, 12C, o-Ph-CH, 2J(31P,13C) = 9.8 Hz), 131.8 (d, 2C, o-Bn-CH, 3J(31P,13C) = 5.5 Hz), 131.0 (d, 12C, m-Ph-CH, 3J(31P,13C) = 12.6 Hz), 129.7 (d, 2C, m-Bn-CH, 4J(31P,13C) = 3.3 Hz), 129.4 (d, 1C, p-Bn-CH, 5J(31P,13C) = 3.8 Hz), 128.3 (d, 1C, i-Bn-CH, 2J(31P,13C) = 8.5 Hz), 124.7 (qdm, 1C, CF3, 1J(19F,13C) = 282.6 Hz, 2J(19F,13C) = 26.6 Hz), 118.5 (d, 3C, i-Ph-CH, 1J(31P,13C) = 85.8 Hz), 116.5 (tdm, 1C, CF2H, 1J(19F,13C) = 247.6 Hz, 2J(19F,13C) = 27.2 Hz), 96.9 (dqt, 1C, CF, 1J(19F,13C) = 180.5 Hz, 2J(19F,13C) = 29.1 Hz, 2J(19F,13C) = 21.6 Hz), 30.3 (d, 1C, PCH2, 1J(31P,13C) = 48.1 Hz) ppm (CN not detected); 13C{19F} NMR (125.76 MHz, (CD3)2CO): δ = 136.2 (m, 3C, p-Ph-CH), 135.1 (m, 12C, o-Ph-CH), 131.9 (m, 2C, o-Bn-CH), 131.1 (m, 12C, m-Ph-CH), 129.8 (m, 2C, m-Bn-CH), 129.5 (m, 1C, p-Bn-CH), 128.4 (m, 1C, i-Bn-CH), 126.8 (m, 1C, CF3), 118.7 (m, 3C, i-Ph-CH), 116.7 (dt, 1C, CF2H, 1J(13C,1H) = 188.8 Hz, 3J(13C,1H) = 4.2 Hz), 97.0 (m, br, 1C, CF), 30.4 (m, 1C, PCH2) ppm (CN not detected); 19F NMR (376.82 MHz, (CD3)2CO): δ = −73.4 (m, 3F, CF3), −129.5 (dm, 2F, CF2H, 2J(19F,1H) = 54.2 Hz), −200.0 (m, 1F, CF) ppm; 19F{1H} NMR (376.82 MHz, (CD3)2CO): δ = −73.4 (m, 3F, CF3), −129.5 (m, 2F, CF2H), −200.0 (m, 1F, CF) ppm; 19F{11B} NMR (470.59 MHz, (CD3)2CO): δ = −73.5 (m, 3F, CF3), −129.7 (dm, 2F, CF2H, 2J(19F,1H) = 54.2 Hz), −200.3 (m, 1F, CF) ppm; 31P{1H} NMR (202.46 MHz, (CD3)2CO): δ = 23.0 (s, 1P, BnPh3P) ppm.



IR (ATR): 2390 cm−1 (    v  ~   (B–H)), 2183 cm−1 (    v  ~   (C≡N)).



Raman: 2395 cm−1 (    v  ~   (B–H)), 2187 cm−1 (    v  ~   (C≡N)).



Elemental analysis: Calculated (%) for C29H25BF6NP, C 64.11, H 4.64, N 2.58; found, C 64.30, H 4.84, N 2.54.



HMRS ((-)-ESI): m/z (isotopic abundance) calculated for C4H3BF6N−: 190.03 (100.0%), 189.03 (24.8%), 191.03 (4.3%); found, 190.03 (100%), 189.03 (24.7%), 191.03 (3.8%).



Crystals of [BnPPh3]5 suitable for an X-ray diffraction study were obtained from a saturated ethanol solution.




3.4.6. Tetramethylammonium Hexafluoroisopropylfluorodihydridoborate ([Me4N]6) and Benzyltriphenylphosphonium Hexafluoroisopropylfluorodihydridoborate ([BnPPh3]6)


Tetrametylammonium fluoride (931 mg, 10.0 mmol) was added to a solution of 1 (0.2 M in toluene, 50 mL, 10.0 mmol). After stirring for 72 h at room temperature, the suspension was filtered. The solid product was washed with toluene (2 × 50 mL) and dried under vacuum. Yield: 2.36 g (9.17 mmol, 92%, calculated for 1) of a colorless solid.



1H NMR (400.30 MHz, (CD3)2CO): δ = 5.94 (tdm, 1H, CF2H, 2J(19F,1H) = 54.6 Hz, 3J(19F,1H) = 8.8 Hz), 3.41 (s, 12H, CH3), 2.75 (m, br, 2H, BH2) ppm; 1H{11B} NMR (400.30 MHz, (CD3)2CO): δ = 5.94 (tdm, 1H, CF2H, 2J(19F,1H) = 54.6 Hz, 3J(19F,1H) = 8.8 Hz), 3.41 (s, 12H, CH3), 2.75 (m, 2H, BH2) ppm; 1H{19F} NMR (400.30 MHz, (CD3)2CO): δ = 5.95 (m, 1H, CF2H), 3.41 (s, 12H, CH3), 2.75 (m, br, 2H, BH2) ppm; 11B NMR (128.43 MHz, (CD3)2CO): δ = −3.3 (td, 1B, BH2, 1J(11B,1H) = 100.5 Hz, 1J(19F,11B) = 79.6 Hz) ppm; 11B{1H} NMR (128.43 MHz, (CD3)2CO): δ = −3.3 (d, 1B, BH2, 1J(19F,11B) = 79.6 Hz) ppm; 19F NMR (376.82 MHz, (CD3)2CO): δ = −72.3 (m, 3F, CF3), −131.2 (dm, 2F, CF2H, 2J(19F,1H) = 53.1 Hz), −209.4 (m, 1F, CF), −245.8 (m, 1F, BF) ppm; 19F{1H} NMR (376.82 MHz, (CD3)2CO): δ = −72.3 (m, 3F, CF3), −131.2 (m, 2F, CF2H), −209.4 (m, 1F, CF), −245.8 (m, 1F, BF) ppm.



[Me4N]6 (386 mg, 1.50 mmol) was dissolved in ethanol (20 mL) and [BnPPh3]Cl (583 mg, 1.50 mmol) was added. The product was precipitated from the solution by dropwise addition of water (150 mL). The product was filtered off, washed with water (3 × 20 mL), and dried under vacuum. Yield: 707 mg (1.32 mmol, 88%, calculated for [Me4N]6) of a colorless solid.



1H NMR (500.13 MHz, (CD3)2CO): δ = 7.94 (m, 3H, CH), 7.77 (m, 12H, CH), 7.34 (m, 1H, CH), 7.25 (m, 2H, CH), 7.11 (m, 2H, CH), 5.94 (tdm, 1H, CF2H, 2J(19F,1H) = 54.7 Hz, 3J(19F,1H) = 8.6 Hz), 5.07 (d, 2H, CH2, 2J(31P,1H) = 14.0 Hz), 2.85 (qm, 2H, BH2, 1J(11B,1H) = 100.5) ppm; 1H{11B} NMR (500.13 MHz, (CD3)2CO): δ = 7.94 (m, 3H, CH), 7.77 (m, 12H, CH), 7.34 (m, 1H, CH), 7.25 (m, 2H, CH), 7.11 (m, 2H, CH), 5.94 (tdm, 1H, CF2H, 2J(19F,1H) = 54.7 Hz, 3J(19F,1H) = 8.6 Hz), 5.07 (d, 2H, CH2, 2J(31P,1H) = 14.0 Hz), 2.85 (m, 2H, BH2) ppm; 1H{19F} NMR (400.30 MHz, (CD3)2CO): δ = 7.94 (m, 3H, CH), 7.77 (m, 12H, CH), 7.34 (m, 1H, CH), 7.25 (m, 2H, CH), 7.11 (m, 2H, CH), 5.94 (m, 1H, CF2H), 5.07 (d, 2H, CH2, 2J(31P,1H) = 14.0 Hz), 2.85 (qm, 2H, BH2, 1J(11B,1H) = 100.5) ppm; 11B NMR (160.46 MHz, (CD3)2CO): δ = −3.2 (td, 1B, BH2, 1J(11B,1H) = 100.5 Hz, 1J(19F,11B) = 79.6 Hz) ppm; 11B{1H} NMR (160.46 MHz, (CD3)2CO): δ = −3.2 (d, 1B, BH2, 2J(19F,11B) = 79.6 Hz) ppm; 11B{19F} NMR (160.46 MHz, (CD3)2CO): δ = −3.2 (t, 1B, BH2, 1J(11B,1H) = 100.5 Hz) ppm; 13C{1H} NMR (125.76 MHz, (CD3)2CO): δ = 136.1 (d, 3C, p-Ph-CH, 4J(31P,13C) = 3.0 Hz), 135.1 (d, 12C, o-Ph-CH, 2J(31P,13C) = 9.8 Hz), 132.0 (d, 2C, o-Bn-CH, 3J(31P,13C) = 5.6 Hz), 131.0 (d, 12C, m-Ph-CH, 3J(31P,13C) = 12.6 Hz), 129.8 (d, 2C, m-Bn-CH, 4J(31P,13C) = 3.3 Hz), 129.5 (d, 1C, p-Bn-CH, 5J(31P,13C) = 3.8 Hz), 128.5 (d, 1C, i-Bn-CH, 2J(31P,13C) = 8.5 Hz), 127.2 (qdm, 1C, CF3, 1J(19F,13C) = 283.2 Hz, 2J(19F,13C) = 26.7 Hz), 118.7 (d, 3C, i-Ph-CH, 1J(31P,13C) = 86.1 Hz), 117.0 (tdm, 1C, CF2H, 1J(19F,13C) = 248.5 Hz, 2J(19F,13C) = 26.7 Hz), 98.1 (m, br, 1C, CF), 30.2 (d, 1C, PCH2, 1J(31P,13C) = 48.1 Hz) ppm; 13C{11B,1H} NMR (75.48 MHz, (CD3)2CO): δ = 136.0 (d, 3C, p-Ph-CH, 4J(31P,13C) = 3.0 Hz), 135.0 (d, 12C, o-Ph-CH, 2J(31P,13C) = 9.8 Hz), 131.9 (d, 2C, o-Bn-CH, 3J(31P,13C) = 5.6 Hz), 131.0 (d, 12C, m-Ph-CH, 3J(31P,13C) = 12.6 Hz), 129.7 (d, 2C, m-Bn-CH, 4J(31P,13C) = 3.3 Hz), 129.4 (d, 1C, p-Bn-CH, 5J(31P,13C) = 3.8 Hz), 128.4 (d, 1C, i-Bn-CH, 2J(31P,13C) = 8.5 Hz), 127.2 (qdm, 1C, CF3, 1J(19F,13C) = 283.2 Hz, 2J(19F,13C) = 26.7 Hz), 118.6 (d, 3C, i-Ph-CH, 1J(31P,13C) = 86.1 Hz), 116.9 (tdm, 1C, CF2H, 1J(19F,13C) = 248.5 Hz, 2J(19F,13C) = 26.7 Hz), 98.1 (dm, 1C, CF, 1J(19F,13C) = 179.2 Hz), 30.1 (d, 1C, PCH2, 1J(31P,13C) = 48.1 Hz) ppm; 13C{19F} NMR (125.76 MHz, (CD3)2CO): δ = 136.1 (m, 3C, p-Ph-CH), 135.1 (m, 12C, o-Ph-CH), 132.0 (m, 2C, o-Bn-CH), 131.0 (m, 12C, m-Ph-CH), 129.8 (m, 2C, m-Bn-CH), 129.5 (m, 1C, p-Bn-CH), 128.5 (m, 1C, i-Bn-CH), 127.2 (m, 1C, CF3), 118.7 (m, 3C, i-Ph-CH), 117.0 (dt, 1C, CF2H, 1J(13C,1H) = 188.8 Hz, 3J(13C,1H) = 4.2 Hz), 98.1 (m, br, 1C, CF), 30.2 (m, 1C, PCH2) ppm; 19F NMR (376.82 MHz, (CD3)2CO): δ = −72.0 (m, 3F, CF3), −131.1 (dm, 2F, CF2H, 2J(19F,1H) = 53.8 Hz), −209.0 (m, 1F, CF), −245.3 (m, 1F, BF) ppm; 19F{1H} NMR (376.82 MHz, (CD3)2CO): δ = −72.0 (m, 3F, CF3), −131.1 (m, 2F, CF2H), −209.0 (m, 1F, CF), −245.3 (m, 1F, BF) ppm; 19F{11B} NMR (470.59 MHz, (CD3)2CO): δ = −72.0 (m, 3F, CF3), −131.1 (dm, 2F, CF2H, 2J(19F,1H) = 54.2 Hz), −208.9 (m, 1F, CF), −245.3 (tm, 1F, BF, 2J(19F,1H) = 43.5 Hz) ppm; 31P{1H} NMR (202.46 MHz, (CD3)2CO): δ = 23.0 (s, 1P, BnPh3P) ppm.



IR (ATR): 2311, 2241 cm−1 (    v  ~   (B–H)).



Raman: 2330, 2245 cm−1 (    v  ~   (B–H)).



Elemental analysis: Calculated (%) for C28H25BF7P, C 62.71, H 4.70; found, C 62.72, H 4.95.



HMRS ((-)-ESI): m/z (isotopic abundance) calculated for C3H3BF7−: 183.02 (100.0%), 182.03 (24.8%), 184.02 (3.2%); found, 183.02 (100.0%), 182.03 (24.8%), 184.02 (3.3%).



Crystals of [BnPPh3]6 suitable for an X-ray diffraction study were obtained from a saturated ethanol solution.




3.4.7. Benzyltriphenylphosphonium Hexafluoroisopropyltrifluoroborate ([BnPPh3]7)


[Me4N]6 (1.03 g, 4.00 mmol) was added to a solution of KHF2 (3.12 g, 40.0 mmol) in trifluoroacetic acid (5 mL) under gas evolution. After stirring for 30 min at room temperature, all volatiles were removed under reduced pressure. Subsequently, a solution of [BnPPh3]Cl (1.56 g, 4.00 mmol) in ethanol (20 mL) was added to the solid residue. The product was precipitated from the solution by dropwise addition of dilute hydrochloric acid (0.083 M, 300 mL). The product was filtered off, washed with diethyl ether (4 × 5 mL), and dried under vacuum. The solid product was crystallized by slow evaporation of an acetone solution. Yield: 1.86 g (3.25 mmol, 81%, calculated for [Me4N]6) of a colorless solid.



1H NMR (500.13 MHz, (CD3)2CO): δ = 7.94 (m, 3H, CH), 7.77 (m, 12H, CH), 7.34 (m, 1H, CH), 7.25 (m, 2H, CH), 7.11 (m, 2H, CH), 5.94 (tdm, 1H, CF2H, 2J(19F,1H) = 53.9 Hz, 3J(19F,1H) = 8.6 Hz), 5.08 (d, 2H, CH2, 2J(31P,1H) = 14.9 Hz) ppm; 1H{11B} NMR (500.13 MHz, (CD3)2CO): δ = 7.95 (m, 3H, CH), 7.77 (m, 12H, CH), 7.35 (m, 1H, CH), 7.26 (m, 2H, CH), 7.11 (m, 2H, CH), 5.94 (tdm, 1H, CF2H, 2J(19F,1H) = 53.9 Hz, 3J(19F,1H) = 8.6 Hz), 5.08 (d, 2H, CH2, 2J(31P,1H) = 14.9 Hz) ppm; 1H{19F} NMR (400.30 MHz, (CD3)2CO): δ = 7.95 (m, 3H, CH), 7.77 (m, 12H, CH), 7.35 (m, 1H, CH), 7.26 (m, 2H, CH), 7.11 (m, 2H, CH), 6.00 (m, 1H, CF2H), 5.07 (d, 2H, CH2, 2J(31P,1H) = 14.9 Hz) ppm; 11B NMR (160.46 MHz, (CD3)2CO): δ = 0.6 (qd, 1B, BF3, 1J(19F,11B) = 43.6 Hz, 2J(19F,11B) = 12.2 Hz) ppm; 11B{1H} NMR (160.46 MHz, (CD3)2CO): δ = 0.6 (qd, 1B, BF3, 1J(19F,11B) = 43.6 Hz, 2J(19F,11B) = 12.2 Hz) ppm; 11B{19F} NMR (160.46 MHz, (CD3)2CO): δ = 0.6 (s, 1B, BF3) ppm; 13C{1H} NMR (125.76 MHz, (CD3)2CO): δ = 136.2 (d, 3C, p-Ph-CH, 4J(31P,13C) = 3.1 Hz), 135.1 (d, 12C, o-Ph-CH, 2J(31P,13C) = 9.8 Hz), 132.0 (d, 2C, o-Bn-CH, 3J(31P,13C) = 5.5 Hz), 131.1 (d, 12C, m-Ph-CH, 3J(31P,13C) = 12.6 Hz), 129.9 (d, 2C, m-Bn-CH, 4J(31P,13C) = 3.3 Hz), 129.5 (d, 1C, p-Bn-CH, 5J(31P,13C) = 3.8 Hz), 128.5 (d, 1C, i-Bn-CH, 2J(31P,13C) = 8.5 Hz), 125.9 (qdm, 1C, CF3, 1J(19F,13C) = 283.0 Hz, 2J(19F,13C) = 25.3 Hz), 118.7 (d, 3C, i-Ph-CH, 1J(31P,13C) = 86.0 Hz), 115.9 (tdm, 1C, CF2H, 1J(19F,13C) = 247.0 Hz, 2J(19F,13C) = 26.3 Hz), 91.6 (m, br, 1C, CF), 30.3 (d, 1C, PCH2, 1J(31P,13C) = 48.1 Hz) ppm; 13C{11B,1H} NMR (75.48 MHz, (CD3)2CO): δ = 136.1 (m, br, 3C, p-Ph-CH), 135.0 (d, 12C, o-Ph-CH, 2J(31P,13C) = 9.8 Hz), 131.9 (d, 2C, o-Bn-CH, 3J(31P,13C) = 5.6 Hz), 131.0 (d, 12C, m-Ph-CH, 3J(31P,13C) = 12.6 Hz), 129.6 (d, 2C, m-Bn-CH, 4J(31P,13C) = 3.3 Hz), 129.4 (d, 1C, p-Bn-CH, 5J(31P,13C) = 3.8 Hz), 128.4 (d, 1C, i-Bn-CH, 2J(31P,13C) = 8.5 Hz), 125.8 (qdm, 1C, CF3, 1J(19F,13C) = 283.2 Hz, 2J(19F,13C) = 26.7 Hz), 118.5 (d, 3C, i-Ph-CH, 1J(31P,13C) = 86.1 Hz), 115.8 (tdm, 1C, CF2H, 1J(19F,13C) = 248.5 Hz, 2J(19F,13C) = 26.7 Hz), 91.5 (dm, 1C, CF, 1J(19F,13C) = 178.1 Hz), 30.1 (d, 1C, PCH2, 1J(31P,13C) = 48.1 Hz) ppm; 13C{19F} NMR (125.76 MHz, (CD3)2CO): δ = 136.2 (m, 3C, p-Ph-CH), 135.1 (m, 12C, o-Ph-CH), 132.0 (m, 2C, o-Bn-CH), 131.1 (m, 12C, m-Ph-CH), 129.9 (m, 2C, m-Bn-CH), 129.5 (m, 1C, p-Bn-CH), 128.5 (m, 1C, i-Bn-CH), 125.9 (m, 1C, CF3), 118.7 (m, 3C, i-Ph-CH), 115.9 (d, 1C, CF2H, 1J(13C,1H) = 189.9 Hz), 91.6 (qm, 1C, CF, 1J(13C,11B) = 67.7 Hz), 30.3 (m, 1C, PCH2) ppm; 19F NMR (376.82 MHz, (CD3)2CO): δ = −72.4 (m, 3F, CF3), −131.9 (dm, 2F, CF2H, 2J(19F,1H) = 53.0 Hz), −148.7 (qm, 1F, BF3, qm, 3F, BF3, 1J(19F,11B) = 43.6 Hz), −217.1 (m, 1F, CF) ppm; 19F{1H} NMR (376.82 MHz, (CD3)2CO): δ = −72.4 (m, 3F, CF3), −131.9 (m, 2F, CF2H), −148.7 (qm, 3F, BF3, 1J(19F,11B) = 43.6 Hz), −217.1 (m, 1F, CF) ppm; 19F{11B} NMR (470.59 MHz, (CD3)2CO): δ = −72.1 (m, 3F, CF3), −131.8 (dm, 2F, CF2H, 2J(19F,1H) = 53.0 Hz), −149.3 (qm, 1F, BF3, m, 3F, BF3), −217.4 (m, 1F, CF) ppm; 31P{1H} NMR (202.46 MHz, (CD3)2CO): δ = 22.9 (s, 1P, BnPh3P) ppm.



Elemental analysis: Calculated (%) for C28H23BF9P, C 58.77, H 4.05; found, C 58.71, H 4.27.



HMRS ((-)-ESI): m/z (isotopic abundance) calculated for C3HBF9−: 219.00 (100.0%), 218.01 (24.8%), 220.01 (3.2%); found, 219.00 (100.0%), 218.01 (26.0%), 220.01 (3.0%).



Crystals of [BnPPh3]7 suitable for an X-ray diffraction study were obtained from a saturated ethanol solution.






4. Conclusions


A large-scale synthesis of hexafluoroisopropylborane (CF3)(CF2H)CFBH2·SMe2 (1) was developed, which is the prerequisite for the follow-up synthesis of selected borane adducts as well as borates with the (CF3)(CF2H)CFB moiety presented in this study. All borane adducts and borate salts were fully characterized by NMR and vibrational spectroscopy, elemental analysis, single-crystal X-ray diffraction, DSC, and cyclic voltammetry. Whereas the borane imidazole adducts 3a–e are of particular interest for the synthesis of novel anionic NHCs, borane NHC adduct 4 might be a promising additive in electrochemical devices for overvoltage protection. Furthermore, the [BnPPh3]+ borates reveal interesting properties and [BnPPh3]7 particularly shows an astonishingly high electrochemical stability. These results highlight the potential of borate anions with a hexafluoroisopropyl substituent for applications in materials science in general and in electrochemical devices especially. Such applications seem promising due to the easy and scalable synthesis of 1, which relies on the hydroboration of an industrial product, whereas the preparation of related fluoroalkyl boron compounds requires potentially explosive lithium organyls, Grignard reagents, or reactions that require special techniques (e.g., handling of chlorine monofluoride) [1,2,3,4].
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Figure 1. Synthesis of the hexafluoroisopropylborane dimethyl sulfide adduct 1 [42] (left) and the hexafluoroisopropylborate and -borane adducts presented in this work (right). 
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Figure 2. Synthesis of hexafluoroisopropylborane adducts 2, 3a–e, and 4 (top), 11B NMR spectra (bottom left), and 19F NMR spectra of 2 (bottom right). 
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Figure 3. Crystal structures of the borane adducts 2, (S)-3b, (R)-3b, and 4 (ellipsoids are drawn at the 35% probability level except for H atoms, which are depicted with arbitrary radii; disorder in the (CF3)(CF2H)CF groups of 2 and 4 and the H atoms in the Dipp units of 4 are omitted for clarity and the C atoms of the Dipp units are shown as wire and stick models). 
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Figure 4. Cyclic voltammograms of 4-CN-py, 2, and 4 (asterisks mark the boundaries of the electrochemical window) measured in CH3CN containing 0.1 mol·L−1 [nBu4N][PF6] with a Ag/Ag+ reference electrode versus Fc/Fc+ (scan rate 0.05 V·s−1). 
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[image: Inorganics 11 00471 g004]







[image: Inorganics 11 00471 g005] 





Figure 5. Synthesis of the hexafluoroisopropylborates [BnPPh3]5, [BnPPh3]6, and [BnPPh3]7 and the anions in the respective crystal structures (ellipsoids are drawn at the 35% probability level except for H atoms, which are depicted with arbitrary radii; disorder in the (CF3)(CF2H)CF groups of 5 and 6 and disorder in 7 is omitted for clarity). 
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Figure 6. Cyclic voltammograms of [BnPPh3]5, [BnPPh3]6, and [BnPPh3]7 as 0.05 M solutions in CH3CN with a Ag/Ag+ reference electrode versus Fc/Fc+ (scan rate 0.05 V·s−1). 
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Table 1. Selected experimental and calculated 1 spectroscopic and thermal properties of 2, 3a–e, and 4 2.






Table 1. Selected experimental and calculated 1 spectroscopic and thermal properties of 2, 3a–e, and 4 2.





	Compound
	2
	3a
	3b
	3c
	3d
	3e
	4





	δ(11B)
	−8.8
	−15.5
	−15.6
	−15.6
	−15.5
	−17.1
	−29.2



	δ(19F) (CF3, CF2H, CF)
	−74.3, −128.9, −205.1
	−73.9, −129.5, −205.3
	−74.0, −129.7, −205.8
	−74.1, −129.7, −205.7
	−74.1, −129.6, −205.8
	−74.0, −129.4, −203.9
	−74.1, −129.2, −200.3



	δ(1H) (BH2, CF2H)
	2.77, 5.95
	2.46, 5.91
	2.39, 5.91
	2.40, 5.88
	2.43, 5.91
	2.76, 6.00
	1.23, 5.95



	1J(11B,1H)
	94.8
	99.8
	100.2
	97.5
	99.5
	95.7
	88.1



	    v  ~   (B−H) (Raman)
	2471, 2433 [2551, 2506]
	2418

[2539, 2483]
	2407

[2536, 2479]
	2417

[2534, 2477]
	2420

[2538, 2483]
	2421

[2542, 2482]
	2434, 2403 [2537, 2434]



	Tmp DSC 3
	48
	−86
	34
	−87
	−37
	−46
	256



	Tdec DSC 3
	182
	202
	247
	246
	222
	197
	4







1 B3LYP/6-311++G(d,p); calculated values in square brackets. 2 δ in ppm; J in Hz;     v  ~    in cm−1; T in °C. 3 Onset. 4 Melts under decomposition.













 





Table 2. Selected experimental and calculated 1 structural properties of 2, (S)-3b, (R)-3b, and 4 2.






Table 2. Selected experimental and calculated 1 structural properties of 2, (S)-3b, (R)-3b, and 4 2.





	Compound
	2
	(S)-3b
	(R)-3b
	4





	d(B1−N1/C2)
	1.589(4) [1.605]
	1.561(6) [1.587]
	1.563(5) [1.587]
	1.613(3) [1.615]



	d(B1−H1)
	1.101(31) [1.200]
	1.120(50) [1.206]
	1.120(40) [1.200]
	1.116(21) [1.200]



	d(B1−H2)
	1.168(32) [1.201]
	1.070(60) [1.200]
	1.110(40) [1.206]
	1.116(24) [1.213]



	d(B1−C1)
	1.642(4) [1.650]
	1.644(7) [1.658]
	1.642(5) [1.658]
	3 [1.643]



	∡(N1/C2−B1−C1)
	110.8(2) [109.5]
	111.3(4) [108.5]
	111.4(3) [108.5]
	3 [118.4]



	∡(H1−B1−N1/C2)
	107.4(17) [107.6]
	107.0(20) [107.0]
	109.0(20) [107.5]
	108.1(10) [107.5]



	∡(H2−B1−N1/C2)
	106.5(17) [105.8]
	111.0(30) [107.5]
	105.0(20) [107.0]
	105.1(13) [106.2]







1 B3LYP/6-311++G(d,p); calculated values in brackets. 2 d in Å; ∡ in °. 3 Atom C1 is disordered.













 





Table 3. Selected experimental and calculated 1 spectroscopic, thermal, and structural properties of [BnPPh3]5, [BnPPh3]6, and [BnPPh3]7 2.






Table 3. Selected experimental and calculated 1 spectroscopic, thermal, and structural properties of [BnPPh3]5, [BnPPh3]6, and [BnPPh3]7 2.





	Compound
	[BnPPh3]5
	[BnPPh3]6
	[BnPPh3]7





	δ(11B)
	−33.3
	−8.1
	0.6



	1J(11B,1H), 1J(19F,11B), 2J(19F,11B)
	92.6, -, 10.5
	100.5, 79.6, 3
	-, 43.6, 12.2



	δ(19F) (CF3, CF2H, CF, BF)
	−73.4, −129.5, −200, -
	−72.0, −131.1, −209.0, −245.3
	−72.4, −131.9, −217.1, −148.7



	δ(1H) (BH2, CF2H)
	1.14, 5.93
	2.85, 5.94
	-, 5.94



	    v  ~   (B−H) (Raman)
	2395 [2454, 2396]
	2330, 2245 [2395, 2314]
	-



	d(B1−CN/F)
	1.581(3) [1.587]
	1.435(3) [1.466]
	5 [1.423, 1.405, 1.401]



	d(B1−H1)
	1.133(22) [1.208]
	1.179(27) [1.217]
	-



	d(B1−H2)
	1.187(24) [1.210]
	1.190(33) [1.219]
	-



	Tmp DSC3
	161
	164
	160



	Tdec DSC3
	264
	4
	259







1 B3LYP/6-311++G(d,p); calculated values in brackets. 2 d in Å; ∡ in °. 3 not resolved. 4 Melts under decomposition. 5 Anion is disordered.



















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













nav.xhtml


  inorganics-11-00471


  
    		
      inorganics-11-00471
    


  




  





media/file8.jpg
(1) [1BUNICN. toluene e,
(2)(BPPhICI, HCI, EIOH

o™
¢

[

o .

e
BnPPhIS (35%)
e T ErPengol
1
Lobonn. o oy £ H,0, E10H
Fe L H
M
Mol (92%)

(1) KHF, F5CCOOH
(2) [BPPhSICI, HCI,

EOH
i

Eopeng” P B,
nl ¥

M

(BAPPHIT (81%)






media/file11.png
E,;=2.01V

Eop =146V
E, =082V
E, =068V

E, =047V —5
S —6

—7
E, =250V

0 1 2
E/V vs. Fc/Fc'






media/file6.jpg
E/Vvs.Fo/Fc*






media/file1.png
———————————————————————————————————————————————

__________________________________________________

' : . X=F,CN" 2 E
. Crimmin et al. 2021[42], scale: 20 ymol : = . A,
E : ; FaC H
. - SMe, | SMe | CFaH :
: /J\ ¥ é > : B . :
; H” »'H CgDg 80 °C ! el E
€T CR H : FsCi/F S :
R o R S ol S 5 T S RS e 27 11 |L=Lewis base_ >|/B viH

| _ ™ FaC .

+ scale: 40 mmol CF,H '






media/file10.jpg
s

-207V

0 1
E/Vvs.Fo/Fc"






media/file7.png
Y

[
I
(]
N
h aSta
o e
"0
'
-------- -
1
'

_____
*n

—

0

E/Vvs.Fc/Fc*






media/file9.png
SMe2
F B-.,H
FsC H
CFoH

(1) [NBugN]CN, toluene, rt

il

[BnPPhs]* F~_-By"H
(2) [BnPPh;]ClI, HCI, EtOH FaC H
CF,H
[BnPPh3]5 (35%)
[Me4N]F, F ~ 1= [BnPPhj3]ClI,
toluene, r.t. (Me,NT* >|/B “H HxO, EtOH
F3C
CF,H
[Me4N]16 (92%)

(1) KHF,, FsCCOOH
(2) [BnPPhs]Cl, HCI,
EtOH Y F Bim

[BnPPh]" B, L
Tk
CF2H

[BnPPh3]7 (81%)

5

Fj_

[BnPPhs]* B, v'H
Fgcﬁ/
CF2H

[BnPPhs]6 (88%)






media/file5.png
FEEg

(S)-3b (R)-3b






media/file12.png





media/file3.png
