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Abstract:



The synthesis of [H2C(PPh2=NSiMe3)(SO2Ph)] (1) and its mono- and dimetalation are reported. Due to the strong anion-stabilizing abilities of the iminophosphoryl and the sulfonyl group monometalation to 1-K and dimetalation to 1-Li2 proceed smoothly with potassium hydride and methyllithium, respectively. Both compounds could be isolated in high yields and were characterized by NMR spectroscopy as well as XRD analysis. The methanide 1-K forms a coordination polymer in the solid state, while in case of the methandiide a tetrameric structure is observed. The latter features an unusual structural motif consisting of two (SO2Li)2 eight-membered rings, which are connected with each other via the methandiide carbon atoms and additional lithium atoms. With increasing metalation a contraction of the P–C–S linkage is observed, which is well in line with the increased charge at the central carbon atom and involved electrostatic interactions.
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1. Background


In the past 20 years, methandiides with a doubly metalated carbon atom (R2CM2 with M mostly being Li) have attracted intense research interest in organometallic chemistry. This is mainly due to their applicability as ligands for the preparation of carbene-type complexes by simple salt metathesis reactions [1,2,3]. Thereby, methandiides revealed to be highly efficient ligand systems stabilizing a variety of carbene complexes with main group metals [4,5,6,7], early and late transition metals [8,9,10,11,12] as well as lanthanides and actinides [13,14,15,16]. The first dilithium compound, which was employed in this chemistry, was the bis(iminophosphorano) system {Li2(bipmTMS)}2 (A, bipmTMS=C(PPh2NSiMe3)2), which was simultaneously reported by the groups of Cavell and Stephan in 1999 (Figure 1) [17,18]. Unlike all other methandiides reported before [19,20,21], A was found to be conveniently accessible by double deprotonation and isolable in high yields, thus allowing its application in carbene complex synthesis [22]. The high stability and facile synthesis of A can be explained by the strong anion-stabilizing ability of the P(V) moieties as well as the additional nitrogen donor side-arms, which efficiently coordinate lithium to form stable complexes. Analogously, the corresponding thiophosphoryl system B reported by Le Floch also proved to be a stable and powerful ligand system [23,24,25]. More recently, our group has focused on non-DPPM derived methandiides, to expand the carbene chemistry of these compounds also to ligands with other substituents. The dilithium compound C with a sulfonyl functionality turned out to be easily accessible and similarly stable than the bis(phosphonium)-substituted systems [26]. The weaker coordination ability of the sulfonyl group also gave way to the formation of transition-metal complexes with open coordination-sides [27,28,29].


Figure 1. Isolated dilithiomethanes used as ligands for carbene complex formation.
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Besides their applicability in carbene complex chemistry, methandiides are also interesting reagents because of their structural properties. Analogous to simple organolithium reagents [30,31,32], structure formation is dominated by the presence or absence of additional donor functions within the molecule. Non-functionalized methandiides typically form polymeric structures to complete the coordination sphere of lithium, such as in the case of parent dilithiomethane, H2CLi2 [33], or dilithiated fluorene D (Figure 2) [20]. In contrast, donor side-arms lead to the formation of defined cluster structures [19]. For instance, the DPPM-based systems A and B and derivatives thereof typically form dimeric structures with a central structural motif consisting of a Li4 and Li2C2 four-membered ring perpendicular to each other [17,18,34,35,36,37,38]. This motif is also present in the structures of the heavier alkali metal derivatives [39,40]. An interesting monomeric structure was isolated by the introduction of the sterically demanding Dipp substitutents (Dipp = 2,6-Di(iso-propyl)phenyl) into the bipm framework together with TMEDA as additional Lewis base [41]. Most interestingly, this compound showed in contrast to the van’t Hoff rule a planar rather than a tetrahedral geometry at the metalated carbon atom. Such a planar carbon environment was already predicted by Schleyer and coworkers on the basis of theoretical studies [42]. The unsymmetrical methandiide C was found to form a complex molecular structure, which however also showed a strong deviation from the ideal tetrahedral geometry of carbon [26].


Figure 2. Structures of dilithium methandiides.
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Overall, small changes in the structure of methandiides can easily lead to big differences in their reactivity and the structure formation in the solid state. For example, replacement of the sulfonyl group in C by a sulfoximine moiety lead to an increased reactivity and decreased stability of the methandiide as well as the formation of a different structure in the solid state, which hampered its utilization as ligand in transition-metal chemistry [43]. However, due to the efficiency of methandiide C as ligand in carbene complexes, we became interested in the preparation of the iminophosphoryl derivative 1-Li2 (Figure 1). Besides its syntheses we particularly addressed the elucidation of the molecular structures of the mono- and dimetallated compounds in comparison to the thiophosphoryl system.




2. Results


2.1. Synthesis of the Protonated Precursor 1


In order to examine the influence of the electronic and steric properties of the iminophosphoryl group on the accessibility, reactivity and structure of methandiide 1-Li2 we chose the protonated precursor 1 with a sterically demanding trimethylsilyl (TMS) group at the imino nitrogen atom, since this group has most often been used in other methandiide systems. To this end, the synthetic strategy outlined in Figure 3 was used. At first, phenyl methyl sulfone was deprotonated with n-butyl lithium and reacted with chlorodiphenylphosphine, followed by a subsequent oxidation of the phosphine moiety with H2O2 [27]. Recrystallization from ethanol afforded phosphine oxide 2 as a colourless solid in 87% yield. Next, phosphine oxide 2 was treated with oxalyl bromide in DCM. After filtration, phosphine bromide 3 could be isolated as a colourless to slightly yellow solid in 91% yield [44]. Compound 3 shows a single signal in the 31P{1H} NMR spectrum at 18.7 ppm in deuterated DMSO and a characteristic doublet at 5.10 ppm with a coupling constant of 2JPH = 9.95 Hz in the 1H NMR spectrum. The formation of the iminophosphoryl moiety was achieved by treatment of phosphine bromide 3 with hexamethyldisilazane (HMDS) and subsequent deprotonation with NEt3 [45]. Recrystallization from toluene/hexane yielded the α-iminophosphoryl-substituted sulfone 1 as colourless crystals in 88% yield. The 31P{1H} NMR spectrum exhibits a single signal at −12.7 ppm and the hydrogen atoms of the methylene bridge resonate as a doublet at 3.94 ppm with a coupling constant of 2JPH = 9.79 Hz. The crystal structure of iminophosphoryl 1 is depicted in Figure 3. 1 crystallizes in the triclinic space group P-1 and shows typical bond lengths and angles compared to those in related compounds. Sole exception is the P1–N1–Si1 angle with an high value of 160.4(9)° [46,47,48,49]. In comparison, the symmetric bis(iminophosphoryl)methane, (Me3SiNPPh2)2CH2, featured an angle of 138.5(1)°.


Figure 3. Synthesis of the α-iminophosphoryl-substituted sulfone 1 and molecular structure of 1. Ellipsoids drawn at the 50% probability level. Hydrogen atoms (except for those at C1) omitted for clarity. Selected bond lengths (Å) and angles (°): C1–S1 1781(2), C1–P1 1844(2), S1–O1 1446(1), S1–O2 1.439(1), P1–N1 1.523(1), N1–Si1 1.681(1), S1–C14 1.763(2), P1–C2 1.819(2), P1–C8 1.816(2), S1–C1–P1 117.2(1), P1–N1–Si1 160.3(1).
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2.2. Preparation of Methanide 1-K and Methandiide 1-Li2


To evaluate the effects of the sulfonyl and the iminophosphoryl group on the deprotonation behavior of compound 1 we next aimed at the synthesis of the corresponding mono- and dimetallated species (Figure 4). Single deprotonation was selectively achieved with a series of different metal bases, as evidenced by a single new signal in the 31P{1H} NMR spectrum at −1.18 ppm and the signal of the methanide hydrogen at 2.38 ppm with a coupling constant of 2JPH = 10.8 Hz in the 1H NMR spectrum. Convenient isolation of the methanide could be achieved by employment of KH, which allowed the isolation of 1-K as a colourless solid in 89% yield. 1-K is stable over weeks under inert gas atmosphere and exhibits—despite the TMS functionalization—a remarkably low solubility in common organic solvents. Thus all NMR studies had to be performed in deuterated DMSO. Crystals suitable for X-ray diffraction analysis could be obtained by diffusion of pentane into a saturated solution of compound 1-K in THF.


Figure 4. Synthesis of 1-K and 1-Li2.
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1-K crystallizes as a coordination polymer in the triclinic space group P-1. This observation is well in line with the poor solubility of monoanion 1-K. The asymmetric unit contains a dimeric structural motif with one non-coordinating THF molecule (not shown in Figure 5). The two monomeric subunits of this pseudo C2-symmetric dimer (K1 − K2 = C2 axis) are connected via two potassium atoms. Both show a slightly different coordination environment: While potassium atom K1 is coordinated by the nitrogen atoms of both iminophosphoryl substituents, the oxygen and the phenyl group of the sulfonyl moieties and two protons of a TMS-group, potassium atom K2 is solely coordinated by the oxygens of the sulfonyl moieties and the iminophosphoryl phenyl rings. Completion of the coordination sphere of K2 is finally achieved through coordination of the sulfonyl groups of two adjacent dimers, thus leading to the polymeric structure in the solid state. The potassium atoms show no contacts to the carbon atoms of the methylene groups which leads to a planar geometry with sums of angles of 359(4)° and 360(6)° with slightly widened P–C–S angles of 120.09(18)° and 123.05(18)°, respectively, compared to the neutral compound 1 (from 117.17(8)). The most important feature of the molecular structure of 1-K is the shortening of the C–P bonds (from 1.8441(15) Å to 1.727(3) Å) and the C–S bond lengths (from 1.7808(16) Å to 1.638(3) Å) in the P–C–S backbone compared to the protonated precursor 1. This can be explained with electrostatic interactions between the negativ charge at the methylene carbon and the positive charges at the phosphorous and the sulfur. At the same time, an elongation of the P–N bond from 1.5229(13) Å to 1.569(2) Å and 1.562(2) Å, respectively, can be observed which is due to negative hyperconjugation of the lone pair of the methanide carbon into the antibonding σ* orbitals of the P–N bonds.


Figure 5. Polymeric structure of monometalated system 1-K (top); and highlighted asymmetric unit (bottom). Ellipsoids drawn at the 50% probability level. Hydrogen atoms (except for the methylene bridge) and solvent molecule omitted for clarity. Connecting atoms of neighboring asymmetric units shown for clarity. Selected bond lengths (Å) and angles (°): C1–P1 1728(3), C1–S1 1.637(3), P1–N1 1.569(2), P1–C2 1.820(3), P1–C8 1.823(3), N1–Si2 1.691(2), S1–O1 1.446(2), S1–O2 1.4602(19), S1–C14 1.787(3), C23–P2 1.726(3), C23–S2 1.639(3), P2–C24 1.813(3), P2–C30 1.820(3), P2–N2 1.562(2), N2–Si2 1.683(2), S2–O3 1.462(2), S2–O4 1.444(2), S2–C36 1.790(3), K1–N1 2.843(2), K1–N2 2.817(2), K1–O2 2.611(2), K1–O3 2.704(2), K1–C37 3.262(3), K1–H44A 2.84(3), K1–H44C 2.94(4), K2–O2 2.6907(19), K2–O3 2.711(2), K2–C13 3.354(3), K2–C31 3.223.(3), K2–C32 3.321(3), K2–O1” 2.703(2), K2–O4’ 2.593(2), P1–C1–S1 123.05(18), P1–N1–Si1 134.44(15), P1–C1–H1 120(2), H1–C1–S1, 116(2), P2–C23–S2 120.09(18), P2–N2–Si2 133.31(15), P2–C23–H23 119(3), H23–C23–S2 121(3).
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The preparation of the dianionic species 1-Li2 was achieved by reaction with a slight excess of MeLi in Et2O. Addition of MeLi to a suspension of 1 in Et2O led to a complete solvation followed by the formation of a colourless solid after a few minutes. Removal of the supernatant solution and drying of the obtained solid in vacuo gave dianionic species 1-Li2 in 78% yield. The 31P{1H} NMR spectrum shows a single signal at 7.63 ppm. The 1H NMR spectrum confirms the successful double deprotonation through the absence of the protons of the methylene bridge and shows additional coordinating diethyl ether. The 7Li NMR spectrum shows two signals at 0.19 and 1.67 ppm thus indicating the formation of an unsymmetrical structure with different coordination spheres of the two lithium atoms. This assumption is further supported by the presence of two separate sets of signals for the two phosphorous bound phenyl rings speaking for a diastereotopic behavior. X-ray quality crystals could be obtained by performing the reaction without stirring in a larger volume of solvent leading to the direct crystallization of the product. The crystal structure of methandiide 1-Li2 is shown in Figure 6.


Figure 6. Displays of the crystal structure of methandiide 1-Li2. Ellipsoids drawn at the 50% probability level. Non-coordinating diethyl ether molecules and hydrogen atoms omitted for clarity. For bond lengths and angles, see Figure 7.
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Methandiide 1-Li2 crystallizes in the monoclinic space group P21/c. The asymmetric unit consists of a pseudo-tetrameric complex, whose S4 symmetry however is broken due to the coordination of only one additional diethyl ether molecule (to Li8). The central structural motif is formed by two almost planar (SO2Li)2 eight-membered rings, which are connected with each other via the methandiide carbon atoms and additional four lithium atoms. The four lithium atoms of the (SO2Li)2 rings are solely coordinated by the sulfonyl moieties and the methanide carbon atoms. These lithium atoms are only three-fold coordinated, except for Li8, which is also coordinated by the ether molecule. The other four lithium atoms (Li1, Li3, Li5 and Li7) are coordinated by the sulfonyl oxygen atoms, the methanide atom and the nitrogen atom of the iminophosphoryl group, thus having a coordination number of four. Overall, this complexation formally leads to two different types of lithium atoms bound to each methandiide carbon atom, which is well in line with the two signals observed in the 7Li NMR spectrum. A detailed view of a monomeric subunit can be seen in Figure 7.


Figure 7. Monomeric subunit of methandiide 1-Li2. Ellipsoids drawn at the 50% probability level. Hydrogen atoms omitted for clarity. Selected bond lengths (Å) and angles (°): C1–S1 1.601(3), C1–P1 1.714(3), C1–Li1 2.337(6), C1–Li2 2.200(6), S1–O1 1.490(2), S1–O2 1.499(2) S1–C14 1.788(3), P1–N1 1.583(3), P1–C2 1.831(3), P1–C8 1.827(3), N1–Si1 1.700(3), O1–Li1 2.050(6), O1–Li8 1.898(6), O2–Li4 1.885(6), Li2–O8 1.889(6), Li2–O3 1.862(6), S1–C1–P1 121.98(19), P1–N1–Si1 137.57(17).
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The Li–C bond lengths with an average value of 2.235(6) Å are in the expected range compared to known methandiides featuring sulfonyl or iminophosphoryl groups [3,17,26]. The Li–N contacts are (with an average bond length of 2.006 Å) a bit shorter than those found in other iminophosphoryl stabilized geminal dianions, while the Li–O bonds (with an average length of 1.973(6) Å) are well in line with reported data [3,17]. The central P–C–S backbone shows an even stronger contraction than in the monoanionic species 1-K, with an average P–C bond length of 1.714(3) Å and an average S–C bond length of 1.608(3) Å speaking for even stronger electrostatic interactions (for a comparison of all bond length, see Table 1). The same strengthening can be observed for the negative hyperconjugation effects, which lead to even further elongated bond lengths for the P–N and especially S–O bonds with average values of 1.586(3) Å and 1.494(2) Å respectively. These observations are consistent with those reported for other mono- and dimetallated systems [14,15,16,17,18,19,20]. For example, the bond length changes in 1-Li2 are similar to those found in the corresponding thiophosphoryl compound C (Table 1), despite of the different structures formed in the solid state [26].



Table 1. Comparison of structural parameters (average values for S–O bonds, 1-K and 1-Li2).
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1

	
1-K

	
1-Li2

	
C






	
C–S (Å)

	
1.7807(16)

	
1.638(3)

	
1.608(3)

	
1.613(3)




	
C–P (Å)

	
1.8441(15)

	
1.727(3)

	
1.714(3)

	
1.710(3)




	
P–N (Å)

	
1.5229(13)

	
1.566(2)

	
1.586(3)

	
-




	
S–O (Å)

	
1.4427(11)

	
1.453(2)

	
1.494(2)

	
1.501(2)










Another interesting feature of the crystal structure of 1-Li2 concerns the coordination environments of the methandiide carbon atoms which strongly deviate from an ideal tetrahedron. As shown in Figure 7, C(1), S(1), P(1) and Li(1) are almost in one plane, while Li(2) is coordinating almost orthogonally to that plane with an Li–C–Li angle of 72.9(2)°. This has also been observed in the crystal structure of methandiide C. On the basis of theoretical methods [26] this coordination mode can be explained by the two methandiide lone pairs populating two different orbitals, one of sp2- and the other of p-symmetry.





3. Experimental Section


3.1. General Procedures


All experiments were carried out under a dry, oxygen-free argon atmosphere using standard Schlenk techniques. Solvents were dried over sodium or potassium (or over P4O10, CH2Cl2) and distilled prior to use. H2O is distilled water. Organolithium reagents were titrated against diphenylacetic acid prior use. 1H, 7Li, 13C, 31P NMR spectra were recorded on Avance-500, Avance-400 or Avance-300 spectrometers (Bruker Biospin GmbH, Rheinstetten, Germany) at 22 °C if not stated otherwise. All values of the chemical shift are in ppm regarding the δ-scale. All spin-spin coupling constants (J) are printed in Hertz (Hz). To display multiplicities and signal forms correctly the following abbreviations were used: s = singulet, d = doublet, t = triplet, m = multiplet, br = broad signal. Signal assignment was supported by DEPT and HMQC experiments. Elemental analyses were performed on an Elementar vario MICRO-cube elemental analyzer. All reagents were purchased from Sigma-Aldrich (Munich, Germany), ABCR (Karlsruhe, Germany)) or Acros Organics/Fisher Scientific GmbH (Nidderau, Germany) and used without further purification. Phosphine oxide 2 was, synthesized according to literature procedure [27].




3.2. Syntheses


Synthesis of Bromide 3. Compound 3 was prepared in analogues fashion to literature procedure [44]. Phosphine oxide 2 (5.00 g, 14.0 mmol) was dissolved in 40 mL DCM. Oxalyl bromide (6.06 g, 28.0 mmol) was slowly added via syringe and the resulting suspension stirred at room temperature over night until no further gas evolution could be observed. The reaction mixture was filtrated and the resulting solid washed three times with DCM (10 mL) giving phosphine bromide 3 as an off white solid (6.39 g, 12.7 mmol, 91%). 1H NMR: (400.1 MHz, d6-DMSO): δ = 5.11 (d, 2JHP = 9.91 Hz, 2H; SCH2P), 7.46–7.56 (m, 8H; CHPh,meta,para), 7.64–7.68 (m, 1H; CHPh,meta,para), 7.77–7.88 (m, 6H; CHPh,ortho). 13C{1H} NMR: (75.5 MHz, d6-DMSO): δ = 54.6 (d, 1JCP = 57.4 Hz; SCP), 127.8 (CHSPh,meta), 128.4 (d, 3JCP = 12.3 Hz; CHPPh,meta), 128.8 (CHSPH,ortho), 130.6 (d, 2JCP = 9.93 Hz; CHPPh,ortho), 131.9 (d, 4JCP = 2.54 Hz; CHPPh,para), 132.62 (d, 1JCP = 104.66 Hz; CPPh,ipso), 133.6 (CHSPh,para), 141.1 (CSPh,ipso). 31P{1H} NMR: (162.0 MHz, d6-DMSO): δ = 18.7. See also Figures S1 and S2 in the Supplementary Materials.



Synthesis of Compound 1. Compound 1 was prepared in analogues fashion to literature procedure [45]. 6.73 g (13.4 mmol) of Bromide 3 were suspended in 40 mL MeCN and cooled to −40 °C. 2.89 g (17.9 mmol) HMDS were added under light exclusion and the reaction mixture slowly warmed to room temperature and stirred overnight. The solvent was removed in vacuo and the residue suspended in 30 mL toluene. 2.72 g (26.9 mmol) Triethylamine were added and the reaction mixture stirred overnight. The solution was filtered and the solvent removed under reduced pressure. Recrystallization of the crude product in toluene/hexane (1:2) gave way to the product as a white crystalline solid (5.5 g, 11.7 mmol, 88%). 1H NMR: (300.2 MHz, C6D6): δ = 0.31 (d, 4JHP = 0.48 Hz, 9H; Si(CH3)3), 3.94 (d, 2JHP = 9.79 Hz, 2H; SCH2P), 6.80–7.05 (m, 9H; CHSPh,meta,para/CHPPh,meta,para), 7.46–7.53 (m, 4H; CHPPh,ortho), 7.75–7.78 (m, 2H; CH,SPh,ortho). 13C{1H} NMR: (75.5 MHz, C6D6): δ = 4.13 (d, 4JCP = 3.38 Hz; Si(CH3)3), 58.9 (d, 1JCP = 57.8 Hz; SCH2P), 128.35 (CHSPh,para), 128.5 (CHSPh,meta), 128.7 (d, 3JCP = 8.73 Hz; CHPPh,meta), 131.3 (d, 4JCP = 2.96 Hz; CHPPh,para), 131.5 (d, 2JCP = 10.6 Hz; CHPPh,ortho), 133.1 (CHSPh,ortho), 134.6 (d, 1JCP = 104.4 Hz; CPPh,ipso), 142.1 (CSPh,ipso). 31P{1H} NMR: (121.5 MHz, C6D6): δ = −12.7. Anal. Calc. for C19H17Br2O2PS: C, 61.80; H, 6.13; N, 3.28. Found: C, 62.06; H, 6.10; N, 3.20. See also Figures S3–S5 in the Supplementary Materials.



Synthesis of 1-K. 1.00 g (2.35 mmol) iminophosphorane 1 and 94.0 mg KH were suspended in 20 mL Et2O and the reaction mixture stirred at room temperature until no further gas formation could be observed. The resulting suspension was filtrated and removal of the solvent gave Monoanion 1-K as a colourless solid (974 mg, 2.09 mmol, 89%). 1H NMR: (300.2 MHz, d6-DMSO): δ = −0.19 (9H; Si(CH3)3), 2.38 (d, 2JHP = 10.8 Hz, 1H; SCHKP), 7.17–7.25 (m, 9H; CHPh,meta,para), 7.63–7.74 (m, 6H; CHPh,ortho). 13C{1H} NMR: (75.5 MHz, d6-DMSO): δ = 4.86 (d, 3JCP = 3.40 Hz; Si(CH3)3), 46.3 (d, 1JCP = 127.1 Hz), 124.8 (CHSPh,meta), 126.7 (d, 3JCP = 11.5 Hz; CHPPh,meta), 127.2 (CHSPh,ortho), 127.6 (CHSPh,para), 128.2 (d, 4JCP = 1.69 Hz; CHPPh,para), 131.3 (d, 2JCP = 9.86 Hz; CHPPh,ortho), 142.4 (d, 1JCP = 105.6 Hz; CPPh,ipso) 153.5 (CSPh,ipso). 31P{1H} NMR: (121.5 MHz, d6-DMSO): δ = −1.18. Anal. Calcd. for C22H25KNO2PSSi: C, 56.75; H, 5.41; N, 3.01; S, 6.88. Found: C, 57.01; H, 5.42; N, 3.22; S, 6.69. See also Figures S6 and S7 in the Supplementary Materials.



Preparation of 1-Li2. 600 mg (1.40 mmol) of precursor 1 were suspended in 4 mL Et2O. 1.80 mL (3.09 mmol, 1.59 M solution in Et2O) MeLi were added and the reaction mixture stirred at room temperature until no further gas evolution could be observed giving a colourless suspension. The supernatant solvent was removed via cannula and the colourless product dried under reduced pressure (501 mg, 1.09 mmol, 78%). 1H NMR: (500.1 MHz, C6D6): δ = 0.25 (9H; Si(CH3)3), 1.11 (t, 3JHH = 5.00 Hz, 3H; CH3,Et2O), 3.26 (q, 3JHH = 5.00 Hz, 2H; CH2,Et2O), 6.83–6.94 (m, 4H; CHSPh,meta,para/CHPPh,meta,para), 7.10–7.23 (m, 7H; CHSPh,meta,para/CHPPh,ortho,meta,para), 8.02–8.04 (m, 2H; CHSPh,ortho), 8.23–8.27 (m, 2H; CHPPh,ortho). 13C{1H} NMR: (125.8 MHz, C6D6): δ = 4.74 (d, 3JCP = 3.69 Hz; Si(CH3)3), 15.6 (CH3,Et2O), 52.4 (d, 1JCP = 53.3 Hz; SCP), 65.9 (CH2,Et2O), 126.0 (CHSPh,meta), 127.4 (d, 3JCP = 11.8 Hz; CHPPh,meta), 128.4 (d, 3JCP = 11.5 Hz; CHPPh,meta), 128.5 (CHSPh,para), 129.0 (br, CHPPh,para), 129.5 (CHSPh,ortho), 130.4 (br; CHPPh,para), 131.2 (d, 2JCP = 7.25 Hz; CHPPh,ortho), 131.3 (d, 2JCP = 10.73 Hz; CHPPh,ortho), 141.2 (d, 1JCP = 64.4 Hz; CPPh,ipso), 142.0 (d, 1JCP = 81.7 Hz; CPPh,ipso), 151.5 (d, 3JCP = 2.36 Hz; CSPh,ipso). 31P{1H} NMR: (202.5 MHz, C6D6): δ = 7.63. 7Li{1H} NMR: (194.4 MHz, C6D6): δ = 0.19, 1.67. Anal. Calcd. for C24H29Li2N1O2.5P1S1Si1: C, 60.49; H, 6.13; N, 2.94; S, 6.73. Found: C, 60.27; H, 5.93; N, 3.1 2; S, 6.59. See also Figures S8–S10 in the Supplementary Materials.




3.3. X-ray Crystallography


General. Data collection of the compound was conducted with a Bruker APEX2-CCD (D8 three-circle goniometer). The structures were solved using direct methods, refined with the Shelx software package [50] and expanded using Fourier techniques. The crystal of the compound was mounted in an inert oil (perfluoropolyalkylether). Crystal structure determination were effected at 100 K. Crystallographic data (excluding structure factors) have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication no. CCDC 1514516–1514518. Copies of the data can be obtained free of charge on application to Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; (fax: (+44)-1223-336-033; email: deposit@ccdc.cam.ac.uk).



Crystal data for compound 1. C22H26NO2PSSi; Mr = 427.56; colourless block; 0.40 × 0.30 × 0.29 mm3; triclinic; space group P-1; a = 99.2087(4), b = 10.5543(4), c = 12.6990(5) Å; V = 1079.35(8) Å3; Z = 2; ρcalcd = 1.316 g·cm−3; μ = 0.298 mm−1; F(000) = 452; T = 100(2) K; R1 = 0.0290 and wR2 = 0.1137; 3796 unique reflections (θ < 25.00) and 262 parameters. See also Tables S1–S3 in the Supplementary Materials.



Crystal data for compound 1-K. C48H58K2N2O5P2S2Si2; Mr = 1003.40; colourless needle; 0.15 × 0.05 × 0.04 mm3; triclinic; space group P-1; a = 11.2841(10), b = 15.3705(14), c = 16.8163(15) Å; V = 2489.2(4) Å3; Z = 2; ρcalcd = 1.339 g·cm−3; μ = 0.433 mm−1; F(000) = 1056; T = 100(2) K; R1 = 0.0408 and wR2 = 0.0917; 8770 unique reflections (θ < 24.998) and 605 parameters. See also Tables S1, S4 and S5 in the Supplementary Materials.



Crystal data for compound 1-Li2. C98H121Li8N4O10.50P4S4Si4; Mr = 1942.98; colourless needle; 0.15 × 0.06 × 0.06 mm3; monoclinic; space group P21/c; a = 25.265(3), b = 18.972(2), c = 24.452(3) Å; V = 10,485(2) Å3; Z = 4; ρcalcd = 1.231 g·cm−3; μ = 0.254 mm−1; F(000) = 4100; T = 100(2) K; R1 = 0.0494 and wR2 = 0.0947; 18,468 unique reflections (θ < 24.997) and 1254 parameters. See also Tables S1, S6 and S7 in the Supplementary Materials.





4. Conclusions


In summary, we reported on the synthesis and metalation of the iminophosphoryl and sulfonyl-functionalized methane 1. The corresponding potassium methanide 1-K and dilithium compound 1-Li2 are easily accessible by standard deprotonation reactions and isolable in high-yields as solid materials. XRD analysis allowed the elucidation of their molecular structures, showing typical bond length changes reflecting the electronic structure. 1-K formed a coordination polymer in solid state, while the methandiide was found to crystallize as well-defined pseudo-tetrameric complex with an unusual structural motif. The facile synthesis of 1-Li2 and the formation of a well-defined structure in solid state are both advantageous for its application as ligand in carbene complex chemistry.








Supplementary Materials


The following are available online at www.mdpi.com/2304-6740/4/4/40/s1, NMR spectra of all isolated compounds (Figures S1–S10) as well as crystallographic details for the compounds 1, 1-K and 1Li2 (Tables S1–S7, Figures S11–S13).





Acknowledgments


We are grateful to the German Science Foundation (Emmy Noether grant: DA1402/1-1) and the Fonds der Chemischen Industrie for financial support.




Author Contributions


Kai-Stephan Feichtner synthesized and characterized all compounds, Kai-Stephan Feichtner and Viktoria H. Gessner prepared the manuscript and planned the research.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Gessner, V.H.; Becker, J.; Feichtner, K.-S. Carbene Complexes Based on Dilithium Methandiides. Eur. J. Inorg. Chem. 2015, 2015, 1841–1859. [Google Scholar] [CrossRef]

	2. 
Harder, S. Geminal dianions stabilized by phosphonium substituents. Coord. Chem. Rev. 2011, 255, 1252–1267. [Google Scholar] [CrossRef]

	3. 
Liddle, S.T.; Mills, D.P.; Wooles, A.J. Early metal bis(phosphorus-stabilised)carbene chemistry. Chem. Soc. Rev. 2011, 40, 2164–2176. [Google Scholar] [CrossRef] [PubMed]

	4. 
Orzechowski, L.; Jansen, G.; Harder, S. Synthesis, Structure, and Reactivity of a Stabilized Calcium Carbene: R2CCa. J. Am. Chem. Soc. 2006, 128, 14676–14684. [Google Scholar] [CrossRef] [PubMed]

	5. 
Orzechowski, L.; Harder, S. Isolation of an Intermediate in the Catalytic Trimerization of Isocyanates by a Monomeric Calcium Carbene with Chelating Iminophosphorane Substituents. Organometallics 2007, 26, 2144–2148. [Google Scholar] [CrossRef]

	6. 
Thirumoorthi, R.; Chivers, T.; Vargas-Baca, I. S,C,S-Pnictogen bonding in pincer complexes of the methanediide [C(Ph2PS)2]2−. Dalton Trans. 2011, 40, 8086–8088. [Google Scholar] [CrossRef] [PubMed]

	7. 
Chivers, T.; Konu, J.; Thirumoorthi, R. PCP-bridged chalcogen-centred anions: Coordination chemistry and carbon-based reactivity. Dalton Trans. 2012, 41, 4283–4295. [Google Scholar] [CrossRef] [PubMed]

	8. 
Cantat, T.; Mézailles, N.; Ricard, L.; Jean, Y.; Le Floch, P. A Bis(thiophosphinoyl)methanediide Palladium Complex: Coordinated Dianion or Nucleophilic Carbene Complex? Angew. Chem. Int. Ed. 2004, 43, 6382–6385. [Google Scholar] [CrossRef] [PubMed]

	9. 
Gessner, V.H.; Meier, F.; Uhrich, D.; Kaupp, M. Synthesis and Bonding in Carbene Complexes of an Unsymmetrical Dilithio Methandiide: A Combined Experimental and Theoretical Study. Chem. Eur. J. 2013, 19, 16729–16739. [Google Scholar] [CrossRef] [PubMed]

	10. 
Babu, R.P.K.; McDonald, R.; Cavell, R.G. The first hafnium methandiide complexes: The assembly of an entire triad of group 4 metal “pincer” bis(phosphinimine) complexes possessing the M=C carbene–ylide structure. Chem. Commun. 2000, 6, 481–482. [Google Scholar] [CrossRef]

	11. 
Leung, W.-P.; So, C.-W.; Wang, J.-Z.; Mak, T.C.W. A novel synthesis of metallogermacyclopropane and molybdenum bis(iminophosphorano)carbene complexes from bisgermavinylidene. Chem. Commun. 2003, 2, 248–249. [Google Scholar] [CrossRef]

	12. 
Cadierno, V.; Diez, J.; García-Álvarez, J.; Gimeno, J. (η6-Arene)−Ruthenium(II) Complexes Containing Methanide and Methandiide Anions of Ph2P(=S)CH2P(=NR)Ph2: Unprecedented Insertion of Isocyanide into a Ruthenium−Carbene Bond. Organometallics 2008, 27, 1809–1822. [Google Scholar] [CrossRef]

	13. 
Aparna, K.; Ferguson, M.; Cavell, R.G. A Monomeric Samarium Bis(Iminophosphorano) Chelate Complex with a S=C Bond. J. Am. Chem. Soc. 2000, 122, 726–727. [Google Scholar] [CrossRef]

	14. 
Cantat, T.; Arliguie, T.; Noël, A.; Thuéry, P.; Ephritikhine, M.; Le Floch, P.; Mézailles, N. The U=C Double Bond: Synthesis and Study of Uranium Nucleophilic Carbene Complexes. J. Am. Chem. Soc. 2009, 131, 963–972. [Google Scholar] [CrossRef] [PubMed]

	15. 
Cooper, O.J.; Mills, D.P.; McMaster, J.; Moro, F.; Davies, E.S.; Lewis, W.; Blake, A.J.; Liddle, S.T. Uranium–Carbon Multiple Bonding: Facile Access to the Pentavalent Uranium Carbene [U{C(PPh2NSiMe3)2}(Cl)2(I)] and Comparison of UV=C and UIV=C Bonds. Angew. Chem. Int. Ed. 2011, 50, 2383–2386. [Google Scholar] [CrossRef] [PubMed]

	16. 
Mills, D.P.; Moro, F.; McMaster, J.; van Slageren, J.; Lewis, W.; Blake, A.J.; Liddle, S.T. A delocalized arene-bridged diuranium single-molecule magnet. Nat. Chem. 2011, 3, 454–460. [Google Scholar] [CrossRef] [PubMed]

	17. 
Aparna, K.; Babu, R.P.K.; McDonald, R.; Cavell, R.G. [Ph2P(NSiMe3)]2CLi2: A Dilithium Dianionic Methanide Salt with an Unusual Li4C2 Cluster Structure. Angew. Chem. Int. Ed. 1999, 38, 1483–1484. [Google Scholar]

	18. 
Ong, C.M.; Stephan, D.W. Lithiations of Bis-diphenyl-N-trimethylsilylphosphiniminomethane: An X-ray Structure of a 1,1-Dilithiomethane Derivative. J. Am. Chem. Soc. 1999, 121, 2939–2940. [Google Scholar] [CrossRef]

	19. 
Gais, H.-J.; Vollhardt, J. Solid-state and solution structure of dilithium trimethyl[(phenylsulfonyl)methyl]silane, a true dilithiomethane derivative. J. Am. Chem. Soc. 1988, 110, 978–980. [Google Scholar] [CrossRef]

	20. 
Linti, G.; Rodig, A.; Pritzkow, H. 9,9-Dilithiofluorene: The First Crystal-Structure Analysis of an α,α-Dilithiated Hydrocarbon. Angew. Chem. Int. Ed. 2002, 41, 4503–4505. [Google Scholar] [CrossRef]

	21. 
Müller, J.F.K.; Neuburger, M.; Spingler, B. Structural Investigation of a Dilithiated Phosphonate in the Solid State. Angew. Chem. Int. Ed. 1999, 38, 92–94. [Google Scholar] [CrossRef]

	22. 
Cavell, R.G.; Kamalesh Babu, R.P.; Kasani, A.; McDonald, R. Novel Metal-Carbon Multiply Bonded Twelve-Electron Complexes of Ti and Zr Supported by a Bis(Phosphoranimine) Chelate. J. Am. Chem. Soc. 1999, 121, 5805–5806. [Google Scholar] [CrossRef]

	23. 
Cantat, T.; Ricard, L.; Le Floch, P.; Mézailles, N. Phosphorus-Stabilized Geminal Dianions. Organometallics 2006, 25, 4965–4976. [Google Scholar] [CrossRef]

	24. 
Chen, J.-H.; Guo, J.; Li, Y.; So, C.-W. Synthesis and Structure of [Li2C(PPh2=NSiMe3)(PPh2=S)]: A Geminal Dianionic Ligand. Organometallics 2009, 28, 4617–4620. [Google Scholar] [CrossRef]

	25. 
Heuclin, H.; Fustier-Boutignon, M.; Ho, S.Y.-F.; Le Goff, X.-F.; Carenco, S.; So, C.-W.; Mézailles, N. Synthesis of Phosphorus(V)-Stabilized Geminal Dianions. The Cases of Mixed P=X/P→BH3 (X = S, O) and P=S/SiMe3 Derivatives. Organometallics 2013, 32, 498–508. [Google Scholar] [CrossRef]

	26. 
Schröter, P.; Gessner, V.H. Tetrahedral versus Planar Four-Coordinate Carbon: A Sulfonyl-Substituted Methandiide. Chem. Eur. J. 2012, 18, 11223–11227. [Google Scholar] [CrossRef] [PubMed]

	27. 
Becker, J.; Gessner, V.H. Synthesis and Electronic Structure of Carbene Complexes Based on a Sulfonyl-Substituted Dilithio Methandiide. Organometallics 2014, 33, 1310–1317. [Google Scholar] [CrossRef]

	28. 
Becker, J.; Modl, T.; Gessner, V.H. Methandiide as Non-Innocent Ligand in Carbene Complexes: From the Electronic Structure to Bond Activation Reactions and Cooperative Catalysis. Chem. Eur. J. 2014, 20, 11295–11299. [Google Scholar] [CrossRef] [PubMed]

	29. 
Weismann, J.; Waterman, R.; Gessner, V.H. Metal-Ligand Cooperativity in a Methandiide Derived Iridium Carbene Complex. Chem. Eur. J. 2016, 22, 3846–3855. [Google Scholar] [CrossRef] [PubMed]

	30. 
Gessner, V.H.; Däschlein, C.; Strohmann, C. Structure Formation Principles and Reactivity of Organolithium Compounds. Chem. Eur. J. 2009, 15, 3320–3335. [Google Scholar] [CrossRef] [PubMed]

	31. 
Harrison-Marchand, A.; Mongin, F. Mixed AggregAte (MAA): A Single Concept for All Dipolar Organometallic Aggregates. 1. Structural Data. Chem. Rev. 2013, 113, 7470–7562. [Google Scholar] [CrossRef] [PubMed]

	32. 
Stey, T.; Stalke, D. Lead structures in lithium organic chemistry. In The Chemistry of Organolithium Compounds; Rappoport, Z., Marek, I., Eds.; John Wiley & Sons: New York, NY, USA, 2004; pp. 47–120. [Google Scholar]

	33. 
Stucky, G.D.; Eddy, M.M.; Harrison, W.H.; Lagow, R.; Kawa, H.; Cox, D.E. Some Observations Concerning the Structure of Dilithiomethane. J. Am. Chem. Soc. 1990, 112, 2425–2427. [Google Scholar] [CrossRef]

	34. 
Feichtner, K.-S.; Gessner, V.H. Synthesis and stability of Li/Cl carbenoids based on bis(iminophosphoryl)methanes. Dalton Trans. 2014, 43, 14399–14408. [Google Scholar] [CrossRef] [PubMed]

	35. 
Demange, M.; Boubekeur, L.; Auffrant, A.; Mézailles, N.; Ricard, L.; Le Goff, R.; Le Floch, P. A new and convenient approach towards bis(iminophosphoranyl)methane ligands and their dicationic, cationic, anionic and dianionic derivatives. New J. Chem. 2006, 30, 1745–1754. [Google Scholar] [CrossRef]

	36. 
Cooper, O.J.; McMaster, J.; Lewis, W.; Blake, A.J.; Liddle, S.T. Synthesis and structure of [U{C(PPh2NMes)2}2] (Mes = 2,4,6-Me3C6H2): A homoleptic uranium bis(carbene) complex with two formal U=C double bonds. Dalton Trans. 2010, 39, 5074–5076. [Google Scholar] [CrossRef] [PubMed]

	37. 
Sindlinger, C.P.; Stasch, A. Syntheses, structures and flexible coordination of sterically demanding di- and “tri”-lithiated methandiides. Dalton Trans. 2014, 43, 14334–14345. [Google Scholar] [CrossRef] [PubMed]

	38. 
Hull, K.L.; Noll, B.C.; Henderson, K.W. Structural Characterization and Dynamic Solution Behavior of the Disodio and Lithio−Sodio Geminal Organodimetallics [{{Ph2P(Me3Si)N}2CNa2}2] and [{{Ph2P(Me3Si)N}2CLiNa}2]. Organometallics 2006, 25, 4072–4074. [Google Scholar] [CrossRef]

	39. 
Orzechowski, L.; Jansen, G.; Harder, S. Methandiide Complexes (R2CM2) of the Heavier Alkali Metals (M = Potassium, Rubidium, Cesium): Reaching the Limit? Angew. Chem. Int. Ed. 2009, 48, 3825–3829. [Google Scholar] [CrossRef] [PubMed]

	40. 
Hull, K.L.; Carmichael, I.; Noll, B.C.; Henderson, K.W. Homo- and Heterodimetallic Geminal Dianions Derived from the Bis(phosphinimine) {Ph2P(NSiMe3)}2CH2 and the Alkali Metals Li, Na, and K. Chem. Eur. J. 2008, 14, 3939–3953. [Google Scholar] [CrossRef] [PubMed]

	41. 
Cooper, O.J.; Wooles, A.J.; McMaster, J.; Lewis, W.; Blake, A.J.; Liddle, S.T. A Monomeric Dilithio Methandiide with a Distorted trans-Planar Four-Coordinate Carbon. Angew. Chem. Int. Ed. 2010, 49, 5570–5573. [Google Scholar] [CrossRef] [PubMed]

	42. 
Collins, J.B.; Dill, J.D.; Jemmis, E.D.; Apeloig, Y.; Schleyer, P.v.R.; Seeger, R.; Pople, J.A. Stabilization of Planar Tetracoordinate Carbon. J. Am. Chem. Soc. 1976, 98, 5419–5427. [Google Scholar] [CrossRef]

	43. 
Feichtner, K.-S.; Englert, S.; Gessner, V.H. Preparation and Isolation of a Chiral Methandiide and its Application as Cooperative Ligand in Bond Activation. Chem. Eur. J. 2016, 22, 506–510. [Google Scholar] [CrossRef] [PubMed]

	44. 
Nikitin, K.; Müller-Bunz, H.; Gilheany, D. Direct evidence of a multicentre halogen bond: Unexpected contraction of the P–XXX–P fragment in triphenylphosphine dihalides. Chem. Commun. 2013, 49, 1434–1436. [Google Scholar] [CrossRef] [PubMed]

	45. 
Mardersteig, H.G.; Meinel, L.; Nöth, H. N-Diphenylphosphino-triphenylphosphazen. Z. Anorg. Allg. Chem. 1969, 368, 254–261. [Google Scholar] [CrossRef]

	46. 
Müller, A.; Möhlen, M.; Neumüller, B.; Faza, N.; Massa, W.; Dehnicke, K. Die Kristallstrukturen der silylierten Phosphanimine Me3SiNP(c-C6H11)3 und (Me3SiNPPh2)2CH2. Z. Anorg. Allg. Chem. 1999, 625, 1748–1751. [Google Scholar] [CrossRef]

	47. 
Holink, E.; Stewart, J.C.; Wei, P.; Stephan, D.W. Ti and Zr bidentate bis-phosphinimide complexes. Dalton Trans. 2003, 3, 3968–3974. [Google Scholar] [CrossRef]

	48. 
Holthausen, M.H.; Mallov, I.; Stephan, D.W. Phosphinimine-substituted boranes and borenium ions. Dalton Trans. 2014, 43, 15201–15211. [Google Scholar] [CrossRef] [PubMed]

	49. 
Armstrong, A.; Chivers, T.; Parvez, M.; Boeré, R.T. Stable Cubic Phosphorus-Containing Radicals. Angew. Chem. Int. Ed. 2004, 43, 502–505. [Google Scholar] [CrossRef] [PubMed]

	50. 
Sheldrick, G.M. A short history of SHELX. Acta Crystallogr. 2008, 64, 112–122. [Google Scholar] [CrossRef] [PubMed]























© 2016 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 (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  inorganics-04-00040


  
    		
      inorganics-04-00040
    


  




  





media/file8.jpg





media/file11.png





media/file6.jpg
SiMe; SiM

_SiMe; _SiMes

QP N KH N aomey QP N
2zlell

B XV [
i pr- S~ RoPh Pr> P\PE"
K Ph L L
1K 1 1-Li,





media/file1.png





media/file13.png





media/file10.jpg





media/file7.png
N,SlMe3 ,SiMe3 N,SiMe3

0 0
S _Peph 0 s O\\S/p R
PR 5 ph~>~~R=Ph Ph” > 5PN
Ph TATRS

1-K 1 1-Li,





media/file12.jpg





media/file9.png





media/file5.png
Q0 § >~ Qo Br
Ph/S\/P\"“Ph Br O » Ph/S\/P\"Ph
Ph Ph
3
1) HMDS
2) NEt;
\j
- .M
N Si €3

\ 7y Il






media/file3.png
[D-(THF)],

Ph~p{" \[Li7/" "p<Ph
A\ ~
Ph” /\N/Li\ /PR
R = Ph, SiMe3 H(Me)iPr,
tolyl, adamantyl

[(Liy-BipmR),]

[LipBipmPPP- TMEDA]





media/file14.png





media/file4.jpg
o o 5
o0 9 o 8 ™
o Seopn B0 X Reen

1)HMDS
2NE

sie
LY )

S Repn
BRI Ph






media/file0.jpg
MesSis,
le3Si N ﬁ,ste: s s
Phob_boph  PhoP PcPh
PH Ph e B
'l U U





media/file2.jpg
[D(THF),

~u
e /0 PSP
P S pbh
[ ,\q,‘uLN fal
L4 %
R=Ph, Sitie, HMe)Pr,
‘o, adamantyt

[(LizBipm®);]

omR Phon e,

i
I Y
T N]

N=R-pn He,
DmD/ Ph

Liz BipmO®P TMEDA]





