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The total enantioselective synthesis of (+)-eucophylline 1 was achieved using as a key-structural motif a chiral piperidinone bearing the natural product all-carbon quaternary stereocenter. The elaboration of the latter is based on two strategies relying on the free-radical carbo-cyanation and sulfonyl-cyanation respectively of enantiopure substituted cyclopropenes and cyclobutenes. Co-or Ni-boride reduction of the nitrile functional group along with the cyclopropane and cyclobutane ring-opening then led to the formation of the chiral piperidinone ring. Further elaboration of the latter into the key 1-azabicyclo[3.3.1]nonane motif followed by its coupling with a 2-cyanoaniline allowed the formation of the tetrahydrobenzo[b][1,8]-naphthyridine skeleton of 1, which was finally accessible in 17 steps and 5.9% overall yield from 1,1-dibromobutene.

Introduction

Eucophylline 1 is a monoterpene indole alkaloid isolated in 2010 by Morita et al. from an ethanol extract of the bark of Malaysian Leuconitis eugenofolius. [1] This compound encompasses a unique tetrahydrobenzo [b][1,8]-naphthyridine skeleton, which is also found as a part of the structure of leucophyllidine 2, isolated from the same extract, [2] along with the ubiquitous eburnamine 3, [START_REF] Lounasmaa | Eburnamine -Vincamine Alkaloids in The Alkaloids[END_REF] supporting the hypothesis that these alkaloids are biogenetically related. Bisindole alkaloid 2 was suggested to result from a Mannich-type coupling between 1 and 3. [1,2] Efforts by the group of Pandey [START_REF] Pandey | [END_REF] and our laboratory [5] to establish this biogenetic relationship through a coupling between 1 and 3 have failed so far. Recent investigations by Stoltz and co-workers directed toward the same goal resulted in the synthesis of 1 and that of the 16'-epimer of leucophyllidine 2. [6] Figure 1. Structures of some alkaloids found in Leuconitis eugenofolius. [1] The first total synthesis of (+/-)-Eucophylline 1 in 10 steps and 10% overall yield was reported by our laboratory back in 2015, [7] relying on a 3-component free-radical olefin carbo-oximation. [8] Since then, two enantioselective total synthesis have been reported by Pandey et al., [START_REF] Pandey | [END_REF] and more recently by Stoltz and co-workers. [6] The former group disclosed a 21 steps synthesis of 1 starting from N-protected piperidinone 4, based on the elaboration of their keyfragment 5, accessible through a Johnson-Claisen rearrangement, [9] giving access to both enantiomers of 5 in a straightforward manner (Scheme 1). Stoltz's strategy [6] relied on the enantioselective decarboxylative allylic alkylation of intermediate 6 (itself available from valerolactam in 2 steps), [10] that was rapidly converted into fragment 7 in high yield and enantioselectivity on a large scale. In both approaches, the quinoline skeleton was then elaborated through the coupling between the respective chiral piperidines and anilines 8a and 8b, the vinyl fragment of 1 being introduced later in the synthesis.

Scheme 1. Reported syntheses of (+)-eucophylline 1.

Following the total synthesis of racemic 1, we report here our efforts directed toward the enantioselective access to (+)-1, relying on the free-radical and diastereocontrolled cyanation of substituted cyclopropene and cyclobutene precursors to install the all-carbon quaternary stereogenic center, offering an access to the key-intermediate 1azabicyclo[3.3.1]nonane. The coupling of the latter with a suitable aniline and further elaboration finally led to the elaboration of the four rings of (+)-eucophylline 1 in 17 steps and 5.9% overall yield.

Results and Discussion

The major difficulty in the total synthesis of alkaloid 1 lies in the installation and the control of the stereochemistry of the all-carbon quaternary stereocenter. A solution to this problem was envisioned that would rely on a carbocyanation [11,12] of readily available enantiopure cyclopropanes such as 14, following strategy A below (Scheme 2). This would allow a straightforward set-up of the quaternary stereocenter, along with the incorporation of a useful nitrile functional group. Ring-opening of the resulting highly substituted cyclopropane 13 and reduction of the nitrile would then afford homochiral piperidinone 12, the precursor of the key 1-azabicyclo[3.3.1]nonane 11. The coupling of the latter with the ortho-cyanoaniline 8c, would then provide amidine 10, which cyclization was shown to afford the tetrahydrobenzo [b][1,8]-naphthyridine skeleton of 9. [7] Suzuki coupling between 9 and a vinylborate species would finally lead to (+)-1. Scheme 2. Retrosynthetic analysis of (+)-eucophylline 1 following Strategy A. (Red dot : all-carbon quaternary stereocenter).

Our work following strategy A commenced by the tandem carbo-cyanation-cyclopropane ring opening methodology, [12] using cyclopropene 14 (R=Et) (Scheme 3). The latter was obtained on 15 g scale in quasi-quantitative yield and high enantioselectivity, through cyclopropenation of the corresponding but-1-yne, using Corey's ligand (R,R)-Rh2(OAC)(DPTI)3. [13] (see supporting information). The dibutyltin-mediated radical carbo-cyanation reaction developed earlier [11,12] applied to 14, led to the desired cyclopropylnitrile 15 in modest yield and diastereocontrol. Both diastereomers were, however, easily separated. It is noteworthy that the reaction worked efficiently even on gram scale without erosion of yield and enantioselectivity. Several reaction conditions were then tested to reduce the nitrile functional group chemoselectively in the presence of two ester groups. Literature known hydrogenation procedures using for instance Raney-Ni or PtO2 however gave low yields with very long reaction time. [14] Interestingly, when the nitrile reduction was performed using CoCl2/NaBH4 in ethanol as a solvent, [15] lactam 16 was obtained in moderate yield after 5 h. 16 was then subjected to the cyclopropane ring-opening reaction using 3 equivalents of LDA in dry THF, [12] affording the unsaturated piperidinone 17 in 75% yield. Hydrogenation of the latter using Pd/C as a catalyst finally led to enantioenriched 18. Scheme 3. Strategy A. Synthesis of piperidinone 12 through functionalization of a chiral cyclopropene.

The access to piperidinone 12 from ester 18 then implied an elongation of the carbon chain carrying the ester function. Although this transformation seemed at first sight relatively straightforward, our synthesis plan had to be modified after extensive experimentations. For instance, saponification of 18 into the acid, followed by the formation of the corresponding acyl chloride ((COCl)2, DMF) and treatment of the latter with TMSCHN2 did lead to the formation of the homologated ester of 18, [16] but in low yields and poor reproducibility. Better results were finally obtained using the Ni-catalyzed decarboxylative alkenylation reaction recently reported by Baran et al. [17] The coupling reaction between crude acid (obtained after saponification of 18 with KOH, EtOH, Scheme 4) and N-hydroxyphthalimide gave the redox active ester 19, which was then subjected to the decarboxylative alkenylation reaction in the presence of vinyl zinc chloride, leading to olefin 20 in 66% yield in a reproducible manner. Several attempts to hydroborate lactam 20 into alcohol 12 surprisingly failed, regardless of the conditions used. The desired alcohol was finally reached after prior protection of the amide functional group of 20 into Boc-protected 21. The latter was then subjected to a hydroboration-oxidation sequence using catechol-borane and Wilkinson catalyst, [18] then NaBO3, which gave alcohol 22 in moderate yield. Finally, Boc deprotection using TFA furnished the desired alcohol 12 in 60% yield. Although target 12 was reached in only 11 steps from but-1-yne, the modest yields, in particular during the reduction of the nitrile function or during the final hydroboration sequence, requiring a protection-deprotection step, led us to consider an alternative strategy allowing an easier scaling up of the different steps. We thus envisaged reaching target 12 starting from a cyclobutene, thus avoiding subsequent operations to lengthen the carbon chain on the quaternary stereocenter. However, our efforts to extend the carbo-cyanation process to the 4-membering system proved unsuccessful, due to the lower reactivity of cyclobutenes [19] as compared to cyclopropenes toward electrophilic radicals. [12] Although a tandem bromine atom transfer [20] /cyanation [21] process on a cyclobutene model was shown to deliver the desired cyclobutylnitrile in 2 steps (see Supporting Information), the poor diastereocontrol and overall yield of the sequence led us to consider an alternative and more stereoselective route. Photosensitized sulfonyl-cyanation of cyclobutenes was thus recently shown to proceed both in high yields and stereocontrol. [22] The high electrophilicity of the sulfonyl group [23] ensured its efficient addition onto olefins and the high reactivity of sulfonyl cyanide also allowed a rapid cyano group transfer, [24] with high diastereofacial selectivity resulting from the steric bulk of the SO2R group. This led us to revisit the retrosynthetic analysis of 12, proposing alternative strategy B based on the functionalization of readily available cyclobutenes of type V (Figure 2). The stereoselective sulfonyl-cyanation of the latter would install the nitrile functional group and set up the stereochemistry of the all-carbon quaternary stereocenter in IV. Introduction of the ester group at C1 in II followed by reduction and lactamization would then lead to I, the ring-opening of which providing 12 after further ester reduction. Our study started with the synthesis of chiral cyclobutenes 25a-c, from the corresponding alkynyl thioethers 23a-c, following a methodology reported earlier (Scheme 5). [22] The synthesis of 23c requiring the use of expensive but-1-yne 15, an efficient two-steps alternative procedure was devised based on the Corey-Fuchs [25] transformation on propionaldehyde (See Supporting Information). [2+2]-cycloaddition between alkynes 23a-c and vinyloxazolidinone following Narasaka's method [26] afforded the corresponding cyclobutenes 24a-c in high yield and enantiocontrol. Removal of the SMe substituent under reductive conditions (Et3SiH, Lindlar catalyst) then furnished the desired enantiopure cyclobutenes 25a-c in generally high yields. This method allowed an efficient scale up. For instance, the synthesis of 25a from 23a was performed on 32 mmol scale, while 25b and 25c were prepared respectively on 63 and 18 mmol scale.

Scheme 5. Synthesis of chiral cyclobutenes 25a-c.

Photocatalyzed sulfonyl-cyanation of cyclobutenes 25a-c using p-anisaldehyde as a photosensitizer, [22,27] was then shown to proceed in excellent yield. The reaction applied to cyclobutene 25c thus delivered the desired cyclobutyl nitrile 26c in 72% yield and d.r. > 19:1:1:1 on 15 mmol scale isolated as a white precipitate after a simple washing from the reaction mixture (Scheme 6). The further manipulation and transformation of the sulfonyl group of 26 however proved to be particularly difficult. [START_REF] Simpkins | Tetrahedron Organic Chemistry Series[END_REF] For instance, the cyclobutane ring-opening and conversion of the sulfonyl moiety, was tested on 26d [22] to provide an advanced intermediate en route to 12 (Scheme 6). The cyclobutane ring of 26d was thus opened using SmI2 to afford the nitrile 27 in good yield. Extensive experimentations were then necessary to carry out the Ramberg-Bäcklund reaction [START_REF] Al. Ramberg | [END_REF] on 27 (see supporting information), which finally led to the desired olefin 28 in 40% yield. Although the reduction of both the olefin and the nitrile groups would offer an attractive entry towards OH-protected piperidinone 12, the poor reproducibility of the RB process and the difficulties encountered during the isolation and purification of the highly polar 28 led us to abandon this route. Scheme 6. Sulfonyl-cyanation of cyclobutenes 25a-c followed by the cyclobutane ring opening and Ramberg-Bäcklund reaction.

Base-mediated elimination of the sulfonyl moiety in 26a-c was thus envisioned in order to access a new cyclobutene (i.e. III, Figure 2), [START_REF] Simpkins | Tetrahedron Organic Chemistry Series[END_REF] which would be more easily functionalized. Optimization of the elimination process was performed on 26a, varying the nature of the base, solvent and temperature (see supporting information). The reaction was shown to proceed through the intermediacy of the ethyl ester 29a resulting from the removal of the oxazolidinone fragment, and was followed by the elimination of the sulfonyl group (Scheme 7). The attempts to perform this esterificationelimination sequence in one-pot was hampered by the nucleophilicity of both the EtO anion and that of the oxazolidinone, as illustrated by the isolation of addition products 31a and 31b. Optimized conditions were finally established, by first submitting 26a to DMAP in EtOH, followed by the removal of the sulfonyl group of 29a to provide the conjugated cyclobutene 30a after treatment with Cs2CO3 as a base in DMF at 70°C. 26b-c were converted into the corresponding cyclobutenes 30b-c in high yields under these conditions. Cyclobutenes such as 30a-c are good Michael acceptors [22] and the steric differentiation between the R and CN substituents should allow the introduction of a carbon residue at C1 with high stereocontrol. While addition of alcohols, amines and nitromethane proceeded efficiently, [22] such was not the case with enolates (or silyl enol ethers) from ketones and esters. Good yields and reasonable diastereocontrol were however attained through addition of t-Bu malonate onto 30a, affording the corresponding cyclobutane 32, as a mixture of two diastereomers (Scheme 8). 2D NOESY experiments on 32 indicate that the malonyl approaches as expected anti relative to the R chain (to provide 32 with the 1R,2S relative configuration), while the protonation of the resulting enolate was not so well controlled (C4 center). Reduction of the CN functional group of the mixture of isomers 32 was tested using NaBH4 in the presence of CoCl2 and NiCl2, [30] leading to 33 in modest yield, rather than the fused piperidinone I as shown in Figure 2. This clearly showed that the t-Bu group not only slowed down the nitrile reduction but also prevented the lactamization. Hydrolysis of the t-butyl substituent in 32 using TFA led to a mixture of polar products, which could not be identified by NMR. This led us to turn our attention toward the conjugate addition of the smaller ethyl malonate onto 30a-c, as described above, which led to the corresponding cyclobutanes 34a-c as a mixture of 4 diastereomers in high yields, but with poor diastereocontrol. A partial separation of 3 out of 4 stereoisomers of 34a, through column chromatography, allowed the determination of their relative configuration. 2D NOESY experiments showed that the major isomer had the (1R,2S,4R)-configuration implying the approach of the malonate and the proton syn to the CN substituent. The stereochemistry of the second isomer was identified as (1R,2S,4S) as above for 32. For the other two minor isomers, the NOESY data confirmed the stereochemistry at the C-1 stereocenter to be S, while that at C-4 remained unknown.

Scheme 8. Conjugate addition of malonates onto cyclobutenes 30a-c.

Reduction of the nitrile functional group constituted the next important step to perform, along with the cyclobutane ring opening. The reduction conditions were optimized using model 34a. Although the major diastereomers were separable by column chromatography, investigations were carried out on the mixture, as only the C2 stereocenter will remain upon ring-opening. Moreover, minor trans-C1-C2 isomers were expected to be reduced but not cyclized, giving polar amines, which should be easily discarded. Extensive experimentations were performed to optimize the reduction, varying the nature and amount of the metal salt (Co and Ni), the amount of NaBH4, the reaction time and the concentration of the medium (see supporting information). [31] Preliminary experiments led to the formation of the fused piperidinone 36a through the expected reduction-lactamization sequence, and more surprisingly to piperidinone 35a resulting from an unprecedented CN reduction/lactamization/cyclobutane ring opening cascade (Scheme 9). [32] A small amount of the uncyclized amine 37a as a mixture of two isomers at C4 was also detected. 35a and 36a were found to be inseparables, but when the mixture of both was submitted to the reduction conditions, only piperidinone 35a was isolated, suggesting that cyclobutane ring opening occurs after the nitrile reduction-cyclization sequence and that 35a is issued from 36a. The optimal reduction conditions were finally established using 2.2 equivalents of anhydrous NiCl2 in the presence of a large excess of NaBH4 (20 equiv.) added carefully at 0°C, before addition of the nitrile and stirring of the heterogeneous black suspension at room temperature for 42 h. Under these conditions, 35a and 37a were isolated in respectively 60% and 13%, both as a 1:1 mixture of two isomers, without traces of 36a. These conditions were also applied to cyclobutylnitriles 34b-c that led to 35b-c and 37b-c with similar yields on 2 and 4 mmol scale respectively, showing the efficiency of the cascade reductive process. Scheme 9. Nickel-boride reduction and cyclobutane ring-opening of 34a-c.

Further elaboration of piperidinones 35a-c was then carried out through a straightforward and high yielding sequence, first optimized on model 35a. This involved the saponification of both ester functions, followed by the regioselective decarboxylation of the acid group -to the amide, which led to a mono-acid, the esterification of which with TMSCHN2 furnished the ester 38a in excellent yield over 3 steps (Scheme 10). Each intermediate was used in the next step without further purification; hence, their structures were established through 1 H and 13 C-NMR (See supporting information). Reduction of 38a into an alcohol using LiAlH4 proceeded chemoselectively in high yield, and the alcohol function was then activated through its mesylate 39a. The same sequence was also applied to precursors 35b-c and led to 39b-c in high overall yield. The final cyclization step on 39a led to poor yield using conditions developed for the racemic synthesis of eucophylline 1. [7,33] Changing the nature of the solvent (THF) or varying the temperature did not improve the yield. Interestingly, a higher conversion was observed with 39b and 39c bearing a shorter alkyl chain on the quaternary stereocenter, pointing toward the influence of conformational effects during the cyclization. [34] The best yield was obtained with 39c having an ethyl chain, which led to 11 in 51% yield. Following the retrosynthetic analysis in Scheme 2, the azabicyclo[3.3.1]nonane skeleton of 11 was coupled with cyanoaniline 8c in the presence of POCl3 to provide the amidine 10 (R = Me) in 70% yield (Scheme 11). Cyclization of the latter with LDA in excess then afforded tetrahydrobenzo [b][1,8]-naphthyridine 40 in 74% yield. The late introduction of the vinyl motif of 1 through a Suzuki coupling requires that the NH2 group is first converted into either an halide, a diazonium, or a triflate group. It was decided to reconsider the coupling step using diazonium salts, [35] which had been overlooked during preliminary studies on the racemic synthesis of 1. [7] Model naphthyridine 41 was thus prepared [7] and its conversion into a diazonium salt examined further. All our efforts directed toward the isolation of the diazonium salts of 41 failed whatever the conditions used (t-BuONO/BF3-OEt2, t-BuONO/AcOH, ….). Better results were obtained performing a direct Sandmeyer reaction [36] using t-BuONO and CuBr to afford 42a in 81% after some optimizations. The quality of CuBr was thus crucial to avoid the formation of the hydroxy analogue. The best yields were obtained using 2 equiv. of the copper salt and purification of the crude material after simple evaporation of the solvents. When applied to 40, the protocol led to 42b in a similar yield. The ensuing Suzuki coupling using a vinyl trifluoroborate [37] allowed the incorporation of the desired vinyl moiety in better yields than those experienced from the corresponding triflate and required two steps from the amine instead of three. [7] Finally, the demethylation was also optimized after our observation that a part of the phenol was lost in the aqueous layer during extraction. As an alternative, after complete consumption of the ether 43a upon treatment with BBr3, the reaction mixture was quenched with MeOH and the crude evaporated to dryness and purified by chromatography affording a reproducing yield of 44. This protocol was finally applied to 43b, which led to the natural (+)-eucophylline 1 in nearly quantitative yield. The HPLC analysis confirmed the high enantiomeric excess of the natural product (98% e.e.). 1D NMR ( 1 H, 13 C, and 13 C DEPT-135) and 2D NMR spectroscopic data ( 1 H-1 H COSY, 1 H-13 C HSQC, and 1 H-13 C HMBC) were in good agreement with those reported in the literature for the natural product [1] and synthetic samples, [START_REF] Pandey | [END_REF]6,7] although a slight shift in some 1 H-NMR signals (see supporting information, Figures S10-S11 and Tables S12-S16) were observed, which may be attributed to hydrogen bonding in methanol-d4 and also to the amphoteric nature of eucophylline 1. The specific optical rotation value of synthetic (+)-1 ([α]D 25 = +72.16 (c = 0.53, MeOH)) was also found to be higher than that of the natural product ([α]D 27 = +27 (c = 0.75, MeOH). [1] It should be pointed out that the 1 H NMR spectrum of natural 1 displays a broad singlet at 8.5 ppm (2H) that may be attributed to a formic acid salt resulting from the isolation and purification of the natural product by HPLC using an acidic mobile phase [(MeOH/0.1% HCOOH(aq)]. [1] This may explain the differences mentioned above. Acid-base work-up performed on our synthetic material however did not modify 1 H and 13 C NMRs. Circular dichroism analysis and UV spectrum were both found to agree with that reported for the natural sample (max 227 nm, 346 nm; litt. [1] max 227 nm, 347 nm). Finally, crystals of (+)-1 obtained by diffusion from CH2Cl2/Et2O allowed to perform X-ray diffraction analysis, confirming the structure of 1, which crystallized with a water molecule. This also confirmed that the piperidine ring adopts, in the solid state, a chair conformation as suggested by Morita's and co-workers in solution using ROESY correlations. [1] Scheme 11. Elaboration of the naphthyridine skeleton and final steps of the synthesis of (+)-eucophylline 1.

Conclusion

In summary, we disclosed an enantioselective total synthesis of natural eucophylline (+)-1 from a key chiral piperidinone 12 bearing the all-carbon quaternary stereocenter, available through two alternative strategies. In the first one, 12 was prepared in 11 steps and 0.24% overall yield starting from but-1-yne through the elaboration of a cyclopropene ring using a carbo-cyanation process followed by a base-mediated cyclopropane ring-opening. A more efficient strategy was then devised based on the functionalization of a chiral enantiopure cyclobutene 25c, using a photocatalyzed sulfonyl-cyanation reaction allowing the introduction of the all-carbon quaternary stereocenter in a diastereocontrolled fashion. This approach led to 12 in 29% overall yield through 11 steps starting from 1,1dibromobutene. The construction of the remaining two aromatic rings was then performed through the coupling of 12 and a cyano-aniline in a Friedlander-type process. Following Strategy B, (+)-1 was thus available in 17 steps starting from 1,1-dibromobutene, with an overall yield of 5.9%, and an average yield of 85% for each step. The second approach thus compares well with those recently reported in the literature, [START_REF] Pandey | [END_REF]6] does not need protecting groups, only 9 steps requiring purification through column chromatography. Most notably, this synthesis takes advantage of a nickel boride-mediated cascade, allowing an unprecedented one-pot nitrile reduction/cyclization/ring-opening process. The lactam was further manipulated to deliver a highly strained bridgehead amide, with unusual reactivity. [7] The natural product was fully characterized through 2D NMR and X-ray diffraction studies confirming its conformation in solution. [1] Deposition numbers 2129973 (for 1) contains the supplementary crystallographic data for this paper. These data are provided free of charge by the joint Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access Structures service www.ccdc.cam.ac.uk/structures
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 4 Scheme 4. Final steps for the elaboration of hydroxy-piperidinone 12.
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 2 Figure 2. Retrosynthetic analysis of 12 following strategy B relying on the sulfonyl-cyanation of chiral cyclobutenes.
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 7 Scheme 7.Base-mediated elimination of the sulfonyl group in 26a-c.
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 10 Scheme 10. Elaboration of piperidinones 35a-c into bridgehead amides 40a-b and 11.
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