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Obtained from glycerol, divinylglycol (DVG) is a promising bio-based building block. Upon hydroformylation of DVG, a very complex mixture of different products is obtained. Unexpectedly, addition of chloroform at 0°C on this mixture provokes the selective precipitation of 2,7-dioxadecalin-3,8-diol, an interesting bicyclic bishemiacetal.

Introduction

The development of bio-based platform chemicals has become a challenging task that has received considerable attention from the research community over the past decades. Countless publications and reviews have been recently published on the subject and describe the conversion of biomass into value-added platform molecules. [START_REF] Climent | [END_REF] From the four basic biomass components (cellulose, hemi-cellulose, lignin and triglycerides), a wide range of bio-based molecules is now accessible. Cellulose and hemicellulose [START_REF] Delidovich | [END_REF][3][4] produce bioethanol, [5][6][7] sugars, [8,9] HMF [10][11][12] and furfural derivatives [13,14] that can be further converted into levulinic acid [15] and -valerolactone. [16,17] Lignin offers phenols, eugenols and guaiacols. [18][19][20] Plant oils find application in polymer synthesis. [21] Triglycerides are of particular interest as they are usually converted into liquid alkanes, biodiesel, glycerol and fatty acids. [22,23,24] Designing a new class of bio-based platform molecules that have unique properties and support different functionalities within a single system is appealing. Recently, some of us developed an eco-friendly synthesis of hexa-1,5-diene-3,4-diol (divinylglycol = DVG) from glycerol. [25] Such bifunctional molecule opens up new perspectives as bio-based platform. As such, DVG already proved effective as building block in the synthesis of natural products [26][27][28][29][30][31] and polyenes. [32][33][34] DVG and derivatives are also actually used as a cross-linking agent and monomers for the production of polymers. [START_REF] Bader | Hydroxy alkylene ethers of divinyl glycol[END_REF][START_REF] Skochdopole | Process for the production of foamed cross-linked polymers[END_REF][START_REF] Michelin | Improvements in or relating to the production of polyurethane elastomers[END_REF][START_REF] Stogryn | Divinyl ethylene oxide[END_REF] The conversion of the biomassderived products is usually achieved either by classical organic reactions or under catalytic conditions. [39] Although heterogeneous catalysis is the most widespread technique to convert bio-based chemicals, [START_REF] Suib | New and Future Developments in Catalysis, 1st Edition, Catalytic biomass Conversion[END_REF][START_REF] Verma | [END_REF] homogeneous catalysts have emerged as a promising alternative. [43] For example, hydroformylation appears as one the most effective catalysed reaction as it is atom economic and provides aldehydes as useful intermediates. [44,45] Our team recently showed that triglycerides can be directly functionalized at their carbon-carbon double bonds to form valuable compounds through hydrohydroxymethylation (HHM) [46] or hydroaminomethylation (HAM). [47][48] The present study sought to address the use of a rhodium-catalyst to convert DVG into a series of DVG derivatives under hydroformylation conditions. Hydroformylation of C4 and C5 substrates comprising terminal hydroxyl group has already been described in the literature. [49] The C=C bond undergoes hydroformylation and subsequently cyclizes into five-or six-atoms rings. However, to our knowledge, nothing has been described so far on the hydroformylation of bifunctional DVG. Here, we especially focus our attention on the catalytic hydroformylation of DVG, which significantly extends the scope of renewables as platform chemicals.

Results and Discussion

Let us first focus on the theoretical reactivity of DVG under hydroformylation conditions. As hydroformylation can take place either at the terminal and internal positions of the carbon-carbon double bonds, a wide range of products can be formed (Scheme 1). Upon hydroformylation, both linear (L) and branched (B) aldehydes are accessible if only one of the two carbon-carbon double bond of DVG reacts. The studied DVG consists of a 50/50 mixture of dl and meso (also denoted m in the following study) diastereoisomers because of the presence of two identically substituted stereocenters. Hence, the L aldehyde can exist as a mixture of two couples of enantiomers and the B aldehyde comprises four couples of enantiomers. Each aldehyde can then undergo cyclisation reactions resulting from the nucleophilic addition of the hydroxyl group. Cyclisation of B can give the hemiacetal B5 (cycle derived from B consisting of five atoms, mixture of eight couples of enantiomers). Note that the hydroxyl group at position 3 with respect to the formyl group cannot react as a too unstable four-atoms ring would be formed. Conversely, L can lead to two cyclic hemiacetals L5 and L6 consisting of five and six atoms, respectively. Each product is a mixture of four couples of enantiomers. Concurrently to cyclisation reactions, L and B can also be subjected to hydroformylation of the remaining C=C bond. As hydroformylation produces branched and linear aldehydes, three different dialdehydes can be formed. B leads to BB (mixture of two m stereoisomers + four couples of enantiomers) and BL (= LB, four couples of enantiomers). BL can also be formed upon hydroformylation of L concurrently to LL (mixture of one m + one dl). Further cyclisation of BB, BL and LL can produce ten cyclic hemiacetals consisting of one or two cycles comprising five or six atoms. Each of them exists as a mixture of m stereoisomers and/or enantiomers. For example, B5B5 consists of six stereocenters and potentially possesses 2 6 stereoisomers. However, the symmetry of the molecule greatly reduces the number of possible stereoisomers to thirty-six (four m stereoisomers + sixteen couples of enantiomers). The detailed procedure to calculate the number of possible stereoisomers is given in SI considering B5B5 as an example (Table S1). In our study, hydroformylation of DVG is carried out using Rh(CO)2(acac) (acac = acetylacetonate) as a catalyst precursor (C=C double bonds/Rh = 250) under CO/H2 pressure (25 bar) at 80 °C in diethyl ether over a period of 18 h. The reaction conditions have been chosen to ensure total conversion of the carbon-carbon double bonds and facilitate the identification of the products. Note that full conversion of alkenes into aldehydes could also be obtained by reducing the CO/H2 pressure to 5 bar or using a substrate/Rh molar ratio of 7500. To limit the formation of branched aldehyde and selectively orient the reaction towards linear aldehydes, Xantphos is selected as a ligand. In its presence, hydroformylation of DVG should mainly furnish the LL dialdehyde and small proportions of BL. The absence of signal in the 9-10 ppm region on the 1 H NMR spectrum of the crude reaction products clearly indicates that no aldehyde is present in the mixture (Fig. 1a). Thus, in solution, the equilibriums are shifted from the open LL and LB forms to the corresponding bicyclic structures B5L6, L5L5, and L6L6. As explained previously, these bicyclic structures exist as mixtures of meso stereoisomers (except for B5L6) and couples of enantiomers. All the possible stereoisomers for B5L6 and L5L5 are gathered in SI (Fig. S1 and S2, respectively). We focused our attention on L6L6 (two meso stereoisomers + four couples of enantiomers but sixteen possible spatial structures because of ring-flipping). The junction between the two fused cycles of L6L6 is either cis or trans, similarly to what is observed for decalin (3 out of 16 possible structures of L6L6 are displayed as examples in Fig. 1). As hydroxyl groups can be either in equatorial or axial position, there are four different stereoisomers for R,S-L6L6 (resulting from R,S-DVG, i.e. meso-DVG) and twelve different possibilities for R,R-L6L6 and S,S-L6L6 (L6L6 resulting from dl-DVG) (SI, Fig. S3-S6). The mechanism by which all these stereoisomers are formed is detailed in SI (Fig. S6). At this stage, the attribution of all the signals of the intricate 1 H spectrum displayed in Fig. 1a is a very delicate task. Unexpectedly, addition of CHCl3 (5 mL for 3.5 mmol (0.4 g) of initially added DVG) at 0 °C on the resulting oil (crude product) obtained after evaporation of diethyl ether provokes the selective precipitation of the diastereoisomer 1 of L6L6 resulting from the meso-DVG (Fig. 1). [START_REF] Gerber-Lemaire | In Anomeric effects in pyranosides and related acetals[END_REF]51] Its NMR spectrum allows attribution of all protons of this isomer (Fig. 1b) by comparison with previous data from Burton [52] and Pomin. [START_REF] Pomin | Unravelling Glycobiology by NMR Spectroscopy[END_REF] Both teams show preferential formation of six-membered ring derivatives over five-membered ring ones. Hydroxyl protons a1 are detected at 6.09 ppm (d, J=3.9 Hz) while the signal at 5.01 ppm is attributed to anomeric protons b1. Protons e1 attached to bridgehead carbons are also clearly identified at 3.54 ppm and the remaining alkyl protons c1 and d1 resonate at 1.64 ppm and 1.49 ppm. Interestingly, subsequent addition of CHCl3 (5 mL) causes the precipitation of a mixture of diastereoisomer 1 of L6L6 and another product (Fig. 1c). The latter can be identified by Rh-catalyzed hydroformylation of a sample of pure R,R-DVG (SI, Fig. S17) which was selectively obtained from chiral D-mannitol using a protection/deprotection sequence. [START_REF] Schmidt | [END_REF] The only possible products resulting from hydroformylation of R,R-DVG before the equilibriums take place are 6 chiral structures of L6L6 (SI Fig. S6), among which four structures are characterized by a C2 symmetry. The new peaks detected in Fig 1c were attributed to stereosiomers dl-2 of L6L6 featuring their OH groups in axial positions (protons a2-e2). The reason why these stereoisomers precipitated selectively while other isomers remained in solution probably lies in their lower syn 1,3-diaxial interactions, as explained in SI (Fig. S7). Other signals are also detected in Fig. 1a. The attribution of some of them is deduced from an aging test carried out with a solution containing diastereoisomer 1, which rapidly epimerizes into diastereosiomer dl-1' (protons a1'-e1' and a1'*-e1'*, Fig. 2). Further epimerization affords the more thermodynamically stable 1" via dl-1' (protons a1"-e1", Fig. 2) (55% of axial hydroxyls became equatorial within 48 h). The remaining signals of Fig. 1a are relative to L5L5 and B5L6 (SI, Fig. S8). The presence of B5L6 is especially revealed by the signals at 1.0-0.8 ppm attributed to methyl groups. Hence, although Xantphos is used as a ligand, a small fraction of branched isomer is formed during the course of the hydroformylation reaction. Integration of the signal attributed to the methyl of B5L6 and comparison with L5L5 and L6L6 protons lead to a 92:8 linear/branched derivatives ratio. Yields are determined from the gathered fractions of L6L6 resulting from the precipitation procedure (SI). Note that high proportions of branched derivatives in the mixture prevents precipitation of L6L6, thus highlighting the need to achieve high selectivity in linear derivatives. Note that the 13 C spectrum of L6L6 (SI Fig. S28) confirmed the presence of two carbons at the junction of two six-membered rings characterized by chemical shifts <76 ppm, as exemplified by Burton et al. [52] Carbons at the junction of two five-membered rings would have been more deshielded.

To further increase the proportion of linear aldehyde derivative L6L6, a series of experiments have been implemented using other ligands (see SI, Fig. S18 for ligand structures). The selectivity in linear and branched derivatives is not significantly influenced by monophosphines with different Tolman's cone angle  (Table 1, runs 1 and 2). Indeed, utilization of PPh3 (=145°) or P(OPh)3 (=128°) give similar results. [55] Conversely, the selectivity in linear and branched derivatives strongly depends upon the bite angle of diphosphines. [56,57] Generally speaking, bidentate ligands featuring bite angle around 120° are predestinated to adopt an equatorial-equatorial configuration upon coordination on rhodium, resulting in the predominant formation of linear aldehydes. Oppositely, bidentate ligands with bite angle close to 90° adopt an apical-equatorial configuration upon coordination on rhodium, resulting in the preferred formation of branched aldehydes. Accordingly, diphosphines featuring high bite angles such as Xantphos (=112°), 56 Nixantphos (=114°), [58] BISBI (=123°), [56] and Biphephos (=123°) [59] provide the best linear/branched ratios (up to 96:4) (runs 5-8). Note that DBFphos (=131°) presents a poor selectivity for linear aldehyde derivatives (l/b = 67:33) because its too high bite angle prevents the formation of chelates (run 9). [60] The best yield in L6L6 is obtained using Biphephos as ligand (run 8). Hence, Biphephos is the most effective ligand in terms of both selectivity and yield in the hydroformylation of DVG.

Table 1. Rh-catalyzed hydroformylation of DVG. [a] Run Ligand Bite angle/° Conv. C=C/% l/b [b] L6L6 Yield (%) [c] 1 TPP [d] -100 72:28 42 2 P(OPh)3 [d] - 

Conclusions

In conclusion, this study provides compelling evidence that DVG can be easily hydroformylated into the bis-hemiacetal L6L6 consisting of two fused cycles (2,7-dioxadecalin-3,8-diol). The selectivity of the Rh-catalyzed hydroformylation reaction is mainly controlled by the nature of the metal-stabilizing phosphine. Diphosphines featuring high bite angle such as Biphephos prove to be appropriate to orient the reaction towards the expected bicyclic hemiacetal L6L6 displaying less strained six-membered rings. Interestingly, selective precipitation of L6L6 in chloroform displaces the equilibriums and improves the L6L6 yield.

Experimental Section

General procedure for hydroformylation

In a typical catalytic hydroformylation, Rh(CO)2(acac) (0.014 mmol, 1 equiv.) was degassed three times by vacuum-N2 cycles and dissolved in a degassed solution of ligand (0.07 or 0.14 mmol, 5 and 10 equiv. for bidentate and monodentate ligands, respectively) in diethyl ether (15 mL). 

Scheme 1 .

 1 Scheme 1. Possible products resulting from Rh-catalyzed hydroformylation of DVG.

Figure 1 .

 1 Figure 1. 1 H spectra of a) the crude mixture, b) diastereoisomer 1, and c) a mixture of diastereoisomers 1 and dl-2 of L6L6 in DMSO-d6 at 25 °C (300 MHz).

Figure 2 .

 2 Figure 2. Aging test carried out with a solution of with a solution of diastereoisomer 1 in DMSO-d6 at 25 °C a) initial 1 H NMR spectrum, b) after 2.5 h at 25°C c) after 24 h at 25 °C (300 MHz).

  The resulting solution was stirred at room temperature for 2 h. A mixture of R,R-DVG, S,S-DVG and R,S-DVG (25/25/50, 3.5 mmol, 250 equiv.) was poured into the 25 mL autoclave equipped with a mechanical stirrer and N2-purged. The catalytic solution was then cannulated under nitrogen into the autoclave. Once the desired temperature was reached, the autoclave was pressurized under CO/H2 (1:1) pressure (typically 25 bar) and the solution was vigorously stirred (2500 rpm) at 80 °C. After 18 h, the apparatus was cooled down to room temperature and depressurized. The solvent was evaporated giving an orange oil. L6L6 was isolated by successive addition of CHCl3 at 0 °C, precipitation and filtration (SI). The products were analyzed by 1 H and 13 C NMR experiments. All runs were performed at least twice in order to ensure reproducibility.
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