Cleave and Capture Chemistry Illustrated Through Bimetallic Induced Fragmentation of THF
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The cleavage of ethers is commonly encountered in organometallic chemistry though rarely studied in the context of newly emerging bimetallic reagents. Recently it was reported that a bimetallic sodium-zinc base can deprotonate cyclic tetrahydrofuran (THF) under mild conditions without opening its heterocyclic (OC4) ring. In marked contrast to this synergic sedation, herein we show that switching to more reactive sodium-magnesium or sodium-manganese bases promotes cleavage of at least six bonds in THF, but the ring fragments are uniquely captured in separate crystalline complexes. Oxide fragments occupy guest positions in bimetallic inverse crown ethers and C4 fragments ultimately appear in bimetallated butadiene molecules. These results demonstrate the special synergic reactivity that can be executed by bimetallic reagents, including the ability to capture and control and thereby study reactive fragments from sensitive substrates. 
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Organometallic chemistry and ether solvents have endured a long, sometimes tempestuous, occasionally explosive relationship with each other.1 Despite its misgivings, the former is beholden to the latter as higher solubilities and faster kinetics can often be achieved by performing organometallic reactions in polar ether solvents rather than in non-polar hydrocarbon solvents.2 This is especially important to the polar organometallic utility chemicals, namely organolithium compounds3 (“RLi”) and Grignard reagents4 (“RMgX”), which continue to be indispensable friends to synthetic chemists working in academic research or industry. The lack of stability of these common polar organometallic reagents in ether solvents, particularly in the cyclic ether tetrahydrofuran (THF), which is produced annually on a mega-kilogram scale, has long been a central issue in this chemistry. Ether cleavage, almost invariably the outcome of THF decomposition, is the nemesis of this widely practised organometallic chemistry. Two of the most eminent synthetic chemists of the 20th century, Wittig5 and Gilman,6 are among the long list of researchers who have contributed to the study of organometallic-induced ether cleavage. Alkyllithiums commonly decompose THF by first deprotonating at C-2, ( to oxygen, then the resultant 2-furyl anion undergoes a reverse [3+2] cycloaddition to generate ethene and the lithium enolate of acetaldehyde (Fig.1).7 In exceptionally rare cases, for example through a t-BuLi/HMPA (HMPA, hexamethylphosphoric triamide, (Me2N)3PO) mixture, THF is opened but retains its five ring atoms within a lithium but-3-en-1-oxide chain.8,9 Deprotonation at C-2 followed by an (-elimination and a 1,2-H shift is one possible explanation for this alternative pathway (Fig.1). Studies of the organometallic chemistry of THF have taken on an added impetus recently with the development of different mixed-metal formulations that, when employed in a THF medium, can directly metallate a wide variety of aromatic and heteroaromatic substrates.10
These bimetallic reagents have redefined the metal-hydrogen exchange reaction as previously it was the preserve of highly electropositive metals (usually lithium) but now activated by mixed-metal synergic effects lowly electropositive metals such as zinc, magnesium, or manganese can efficiently deprotonate aromatics to generate Zn-C, Mg-C, or Mn(II)-C bonds.11,12 Using a new, moderately reactive bimetallic, the sodium zincate [(TMEDA)Na((-TMP)((-CH2SiMe3)Zn(CH2SiMe3)] (TMEDA , N,N,N’,N’-tetramethylethylenediamine, Me2NCH2CH2NMe2; TMP , 2,2,6,6– tetramethylpiperidide, cyclo-NC(Me)2(CH2)3C(Me)2), we recently demonstrated that direct zincation of the sensitive cyclic THF can be accomplished with the hypersensitive (-metallated THF intermediate remaining intact at room temperature without any opening of its heterocyclic ring (Fig.1).13 Stable enough to be isolated from solution in crystalline form and stored at room temperature, the product was [(TMEDA)Na((-TMP)((-OC4H7)Zn(CH2SiMe3)]. In total contrast to this “synergic sedation” of an (-THF anion, we report here a new unexpected reaction of THF, a catastrophic cleavage, induced by switching to more reactive bimetallic bases. Remarkably a minimum of six bonds are broken from the parent cyclic ether molecule during the course of these one-pot reactions. Despite this seeming chemical carnage, all the fragments of the five-membered (OC​4) ring have been captured separately in a controlled manner by the bimetallic residues of the complex bases and moreover collected in the form of isolable, crystalline compounds.
Results and Discussion
From the standpoint of THF, the new cleavage reaction can be represented formally as the breaking of two C-O ring bonds and four substituent C-H bonds (one from each C ring atom) leading to two distinct fragments (Fig.2). The former breakages cause the decapitation of the ring O atom, which ultimately takes the form of an oxide O2--dianion. In the latter case four hydrogen limbs have been disconnected from the remaining C4 body to leave a dianionic 1,3-butadiene (C4H42-) skeleton arranged in a s-trans conformation. 
In practice this multiple bond-breaking fragmentation process was initiated by subjecting a stoichiometric quantity of THF to different bimetallic reagents, the high reactivity of which had been previously established by a series of alkali-metal-mediated metallations (AMMM) of selected aromatic substrates. With both the magnesiate [(TMEDA)Na(TMP)(CH2SiMe3)Mg(TMP)], 1,14 and the congeneric manganate [(TMEDA)Na(TMP)(CH2SiMe3)Mn(TMP)], 2,15 the reaction (Fig.3) followed an identical course affording two isolable crystalline products [Na2M2(TMP)4(O)] where M = Mg16 in 3 or Mn in 4 and [{(TMEDA)Na((-TMP)}2{1,4-[M(TMP)]2-C4H4}] where M = Mg in 5 or Mn in 6.
Based on the quantity of THF consumed in each reaction, the yields of 3 and 5 in the magnesium case and 4 and 6 in the manganese case are close to quantitative (based on the consumption of THF) with the relative proportions of the two distinct products being approximately 50% : 50%. Both reactions proved reproducible with crystals of the butadiene product (colourless or red/orange needles for 5 or 6) growing first then isolated from solution before the filtrate concentrated in vacuo deposited a second set of crystals easily distinguishable by eye from the first set being colourless for both 3 and 4. 
Characterisation of the new complexes. Dimagnesiated butadiene 5 was characterised by X-ray crystallographic and solution NMR spectroscopic studies. Identified by the former, its molecular structure (Fig.4) is centrosymmetric with the inversion centre the midpoint of the s-trans 1, 3-butadiene fragment. Bond lengths within this chain [C(25)-C(26), 1.3212(17) Å; C(26)-C(26A), 1.485(2) Å; “A” denotes a symmetry-generated atom] indicate a localised double bond-single bond-double bond pattern, consistent with that in the parent diene (corresponding lengths: 1.337 Å and 1.467 Å).17,18 Little perturbed from its neutral s-trans C4H6 state, the C4H4 chain (formally a dianion) is trapped at each end by a (TMEDA)Na(TMP)Mg(TMP) cationic residue of the starting base.
Metal entrapment takes the form of a Mg-C(25) ( bond [length, 2.1687(12) Å] with Mg lying essentially coplanar with the C4 chain [deviation from plane 0.26 Å, C26A-C26-C25-Mg1, 172.35(12)º], combined with an asymmetrical (-type contact between Na and the C=C bond [Na-C(25), 2.6430(12) Å; Na-C(26), 2.8838(12) Å] with Na lying essentially perpendicular to the C4 chain [C26A-C26-C25-Na1, 110.3(2)º]. Though this is the first example involving a diene, this synergic bonding is a signature feature of products formed via AMMM of aromatic or alkene substrates.11, 12 Nitrogen-bonding ligands complete the structure with sodium and magnesium carrying a terminal TMEDA and TMP respectively, while a second TMP bridges the two distinct metal atoms. X-ray crystallographic analysis of 6 confirmed it is isostructural to 5 with manganese atoms substituted for magnesium atoms at the ends of the C4 chain. Unfortunately, due to disorder (see Supporting Information), the precision of the molecular structure is too low to allow a discussion of its dimensions. Full characterisation of 6 is also hindered by its paramagnetism which rules out meaningful NMR spectroscopic studies. However, closed-shell 5 has been scrutinised by a full battery of NMR experiments. A basic room-temperature 1H spectrum in C6D6 solution revealed characteristic resonances for TMP and TMEDA, with an additional singlet at 6.64 ppm. This singlet observation initially surprised us as we expected different chemical shifts for the two unique types of butadienyl protons. However, there is a strong literature precedent in 1,4–bis(dicarbonyl-(-cyclopentadienyliron)buta-1,3-diene (made by a ring opening of cis-3,4-dichlorocyclobutadiene) which in certain spectra also exhibited degeneracy of its C(H)=C(H)-C(H)=C(H) proton resonances.19 Stimulating much debate, this observation was finally attributed to a combination of small chemical shift differences and relatively large coupling constants.20,21 We proved unequivocally that the singlet resonance at 6.64 ppm belonged to the C4H4 chain in 5 by hydrolysing the solution with D2O in an NMR tube and observing as expected the loss of this resonance and the appearance of two new doublets at 6.25 and 5.09 ppm signifying formation of a 1,4-deuterated modification of 1,3-butadiene. Furthermore, recording the 1H NMR spectrum of 5 in d8-THF instead of C6D6 solution revealed two multiplets at 6.36 and 6.50 ppm, consistent with coupling of an AA’BB’-spin system.
We next addressed the question, “was the C4H4 chain in 5, and by extrapolation in 6, coming from the cleavage of THF?”  The simplest experiment to find the answer was to repeat the synthesis of 5 using d8-THF instead of (protic) THF. Affording a crystalline product as before (that noticeably took longer to grow), its 1H NMR spectrum in C6D6 solution appeared essentially identical to that of 5 but missing the singlet resonance at 6.64ppm. On running the corresponding 2D NMR spectrum, this resonance “reappears” marginally more downfield at 6.81ppm. Hydrolysing this sample with H2O gave a 2D spectrum consistent with formation of (H)DC=CD-CD=CD(H) as the resonance at 6.81 ppm is replaced by two new resonances at 6.21 and 5.04 ppm that are assignable to the two unique types of D atoms in the structure. Hence it is definite that the C4H4 chain in 5 and the C4D4 chain in its deuterium analogue are derived from THF and d8-THF respectively. 
X-ray crystallographic studies of 3 established it to be the known inverse crown ether complex reported by us in 2003.16 Here we characterise 3 further by reporting for the first time its NMR spectroscopic data in C6D6 solution. Most revealingly, two distinct types of TMP CH3 resonance are observed at 1.26 and 1.47 ppm in the 1H spectrum, which match up with two distinct CH3 resonances at 34.3 and 39.1 ppm in the 13C spectrum. This is in keeping with the endo- and exo-positioning of the CH3 groups with respect to the (NaNMgN)2 host ring in the molecular structure of crystalline 3. EXSY NMR spectra revealed that these two distinct CH3 groups are in dynamic exchange. Inaccessible to diagnostic NMR studies due to its paramagnetism, sodium-manganese inverse crown ether 4 (Fig.5) is isostructural to 3. Captured at the inversion centre is a guest oxide (O2-) ion that lies coplanar with the eight-atom (2+ charged) ring of alternating metal and N atoms. Identical metal atoms occupy trans positions giving the central O a square planar Na2Mn2 coordination, while the TMP anions adopt a chair conformation. 
The pattern of bond lengths involving the guest, long Na-O [2.2448(10) Å] and short Mn-O [1.9484(5) Å], and in the host ring, long Na-N [mean, 2.465 Å] and short Mn-N [mean, 2.081 Å], mirrors that in 3 when Mn is substituted by Mg [corresponding values 2.2405(11) Å, 1.8673(9) Å, 2.508 Å, and 2.047 Å], though the Mn-O/N bonds are systematically slightly longer than their Mg counterparts.16
Significantly the original reaction that produced 3 did not involve THF, the bulk solvent being hexane to which mesitylene was added subsequently. The captured oxide was assumed to come from adventitious oxygen or moisture present in the 1:1:3 reaction mixture of butylsodium, dibutylmagnesium, and TMP(H). Oxidative coupling of two Me3SiCH2 ligands to yield the substituted ethane Me3SiCH2CH2SiMe3 was implicated in the formation of the only previously reported manganese inverse crown [Na2Mn2{N(SiMe3)2}4O] suggestive of a redox mechanism (½O2 + 2e- ( O2-).22 Despite several attempts, we failed to synthesise the new manganese inverse crown ether 4 through deliberate oxidation (via air) or hydrolysis of suitable precursors [(TMEDA)Na(TMP)(CH2SiMe3)Mn(TMP), 2 or “Na(TMP)(CH2SiMe3)Mn(TMP)”] in hexane solution, in marked contrast to its reproducible accessibility through the THF reaction. While we cannot unequivocally rule out an alternative oxidative or hydrolytic pathway for at least some of the oxide guest population in 3 or 4, these observations coupled with the near-quantitative yields of 3 and 4 that match up with those of 5 and 6 to account for the consumption/fragmentation of one THF molecule, lend strong support to THF being the oxide source in these inverse crown ethers. 
Mechanistic Considerations. Often not planned but accidental, reactions that expel oxygen from ethers or other organic compounds in organometallic chemistry to produce a new metal-oxygen bonded compound23 (oxide, alkoxide etc.) can be notoriously complex mechanistically (sometimes involving radicals).1 Combining this aspect with the stripping of four hydrogen atoms from a CH2-CH2-CH2-CH2 chain in a hotchpotch of a solution mixing together different metals, different bases, and different solvents must increase greatly the degree of mechanistic complexity involved. Sorting out the precise mechanism(s) that lead to 3, 4, 5, and 6 will therefore be an extremely challenging, time consuming task. However, at this stage, based on literature clues, certain reasonable assumptions can be made about the steps that piece-by-piece complete these mechanistically mosaic reactions. The common (-deprotonative metallation of THF seems the most likely opening move, with the specific precedent of the aforementioned (-zincation reaction.13 A second (’-deprotonation may follow as the same synergic magnesium base has previously (,(’-deprotonated furan (C4H4O) in forming a sub-porphyrin type structure.14 The build up of charge on either side of the lone-pair-bearing oxygen atom could encourage its expulsion as an oxide (O2() inverse crown. Formally, this could leave the C4 fragment as a neutral dicarbene that could rearrange through two 1, 2-hydrogen shifts to a 1, 3-butadiene, though such a neutral dicarbene is likely to be of high energy. Given that this C4 fragment would be surrounded by dual (/(-bonding mixed-metal base molecules with a penchant for engaging in special intramolecular processes, this C​4 fragment is unlikely to be a simple “free” s-trans 1,3-butadiene, but could be a more complex metal-bound intermediate. As we have recently reported that non-activated ethene is deprotonated by a related potassium zincate base,13 twofold deprotonation of a butadiene species, making four deprotonations overall, appears a feasible conclusion to the reaction sequence. Fourfold deprotonation of a single molecule using magnesiate bases of this type is known in metallocene chemistry.24 An alternative pathway that need not invoke a high energy dicarbene species, would involve formation of a metalla but-3-en-1-oxide followed by a second metallation at position 4. A further metallation at the allylic position followed by elimination of a metal oxide would give a 1- metalla -1, 3-butadiene. Metallation of this species would then lead to the desired bimetallated 5 or 6. To probe this possibility, in a preliminary experiment we reacted the parent alcohol (3-butene-1-ol) with our magnesium base but the reaction was inconclusive leading to an insoluble precipitate (possibly a metal alkoxide) and appears not to produce 5. This reduces the possibility that this is an intermediate in our reaction but does not completely rule it out (no O-H bond need be present in the formation of 5 and 6) and so clearly more work is required to pinpoint the exact mechanism involved. Note that no redox process involving manganese has to be invoked to explain these reactions as they work equally well for magnesium.
In conclusion, in one of the most spectacular demonstrations of cleave and capture chemistry to date, cyclic ether THF is catastrophically cleaved (at least six of its bonds are broken) by congeneric magnesiate or manganate bases [(TMEDA)Na(TMP)(CH2SiMe3)M(TMP)] [M = Mg or Mn(II)]. Ring fragments are captured separately and stored in crystalline complexes: oxide fragments occupy inverse crown ethers [Na2M2(TMP)4O]; while butyl chains are transformed to 1,4-bimetallated, s-trans 1,3-butadienes [{(TMEDA)Na(TMP)}2{1,4-[M(TMP)]2-C6H4}]. These intriguing findings should stimulate more interest in mixed-metal systems that can execute synergic reactivity beyond the capabilities of single metal systems.
Methods
n-Hexane and THF were distilled from sodium-benzophenone, TMEDA was distilled from CaH2. All synthetic work was carried out under an inert argon atmosphere using standard Schlenk and glove box techniques.
Crystallographic data. Crystal data for 4: C36H72Mn2N4Na2O, Mr = 732.84, monoclinic, space group P21/n, a = 11.985(2), b = 11.542(2), c = 15.364(2) Å, ( = 107.15(3)(, V = 2030.8(7) Å3, Z = 2, λ = 0.71073 Å, μ = 0.674 mm-1, T = 150 K; 19712 reflections, 3539 unique, Rint 0.0401; final refinement to convergence on F2 gave R = 0.0314 (F, 2809 obs. data only) and Rw = 0.0788 (F2, all data), GOF = 1.066. Crystal data for 5: C52H108Mg2N8Na2, Mr = 940.06, monoclinic, space group P21/n, a = 8.2736(3), b = 21.4955(8), c = 16.5688(6) Å, ( = 90.708(4)(, V = 2946.46(19) Å3, Z = 2, λ = 0.71073 Å, μ = 0.094 mm-1, T = 123 K; 31164 reflections, 7797 unique, Rint 0.0273; final refinement to convergence on F2 gave R = 0.0378 (F, 5648 obs. data only) and Rw = 0.1036 (F2, all data), GOF = 1.069. Crystal data for 6: C52.4H108Mn2N8Na2, Mr = 1006.13, monoclinic, space group P21/n, a = 8.2875(3), b = 21.6756(9), c = 16.5068(7) Å, ( = 90.465(4)(, V = 2965.1(2) Å3, Z = 2, λ = 0.71073 Å, μ = 0.479 mm-1, T = 123 K; 35537 reflections, 7821 unique, Rint 0.0389; final refinement to convergence on F2 gave R = 0.0549 (F, 5597 obs. data only) and Rw = 0.1424 (F2, all data), GOF = 1.072. Metrical data for 4, 5 and 6 are freely available from the Cambridge Crystallographic Database Center (CCDC codes 756447 to 756449).
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Figure 1 │ Known outcomes of THF metallation reactions. (i) lithium enolate of acetaldehyde via RLi (R = Me, t-Bu, n-Bu); (ii) lithium but-3-en-1-oxide via t-BuLi, HMPA; and (iii) intact (-deprotonated anion via [(TMEDA)Na(TMP)(CH2SiMe3)Zn(CH2SiMe3)] (HMPA = hexamethylphosphoric triamide, (Me2N)3PO ; TMEDA = N,N,N’,N’-tetramethylethylenediamine, Me2NCH2CH2NMe2; TMP = 2,2,6,6–tetramethylpiperidide, cyclo-NC(Me)2(CH2)3C(Me)2).

Figure 2 │ Bond breakages and formal anionic products of the new reactions from the perspective of THF. Within the framework of the C4O ring two C-O bonds cleave to decapitate the oxygen atom. Four C-H bonds projecting from the ring, one on each C atom, are also cleaved to generate the dianionic diene fragment. 
Figure 3 │ Syntheses of inverse crown ethers 3 and 4 and 1, 4-bimetallated butadienes 5 and 6. Comparison with figure 2 shows the decapitated oxygen atom ends up as an oxide O2― ion captured by four metal atoms of the surrounding inverse crown rings which carry a 2+ charge for neutrality, while the dianionic diene fragment is trapped at each end by bimetallic caps.
Figure 4 │ Molecular structure of 5. Hydrogen atoms, except for those of the C4 chain, have been omitted for clarity. Symmetry operator A: -x, -y+1, -z. Selected bond lengths (Å) and angles [°]: Mg1-C25 2.1687(12), Mg1-N1 1.9954(10), Mg1-N2 2.0801(10), Na1-N2 2.4541(10), Na1-N3 2.4889(11), Na1-N4 2.5256(10), Na1-C25 2.6430(12), Na1-C26 2.8838(12), C25-C26 1.3212(17), C26-C26A 1.485(2); C25-Mg-N1 119.87(4), C25-Mg1-N2 105.62(4), N1-Mg-N2 134.51(4), Mg1-N2-Na1 88.89(3), Mg1-C25-C26 128.53(10), C25-C26-C26A 127.59(15).

Figure 5 │ Molecular structure of 4. Hydrogen atoms have been omitted for clarity. Symmetry operator A: (x+1, (y+1, (z+1. Selected bond lengths (Å) and angles [°]: Mn-O 1.9484(5), Mn-N1 2.0965(17), Mn-N2 2.0661(17), Na-O 2.2448(10), Na-N1 2.422(2), Na-N2 2.509(2); Mn-O-Na 89.72(3), Mn-O-MnA 180.0, Na-O-NaA 180.0, Mn-N1-Na 81.67(6), Mn-N2-Na 80.65(6), O-Mn-N1 103.12(5), O-Mn-N2 105.06(5), O-Na-N1 85.46(5), O-Na-N2 84.01(5).
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