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Fused Hexacyclic Ring System Through Interrupted iso-Nazarov Initiated Diastereoselective Domino Polycyclization of 2,4
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An unprecedented iso-Nazarov initiated domino polycyclization from readily available 2,4-dienals and cyclic ,unsaturated imines is reported. This Brønsted acid-promoted reaction enables the concomitant formation of four bonds, three cycles and four contiguous stereogenic centers to yield elaborated structures in a single operation. A range of fused hexacyclic molecules is obtained in a highly diastereoselective manner.

 initiated-domino reactions (Scheme 1).

Scheme 1. Cascade polycyclizations involving an interrupted Iso-Nazarov reaction

 Different reactivity patterns could be envisioned. Oxyallyl cation A could be involved in (4+3) or (3+2) annulations with 5, while cyclopentadienol B could react as a diene or dienophile partner in (4+2) annulations.

We based our investigations on a model reaction between ,unsaturated N-tosyl imine 5a readily available in a two-step synthesis from indanone and 4-phenylhexa-2,4-dienal 1a (See SI for the optimisation of the reaction conditions). Gratifyingly, the use of two equivalents of the most common aqueous solution of hydrochloric acid delivered 6a as a unique diastereomer in an excellent 83% yield (Scheme 2). Its structure was determined by 2D NMR and confirmed by X-ray structures of few analogs. [10] The formation of the fused benzo [4,5]pentaleno [1,6-bc]indeno [2,1e]piperidine polycylic core of 6a has not been anticipated and is beyond our expectations. It arises from the formation of three new cycles, four new bonds and four contiguous stereocenters in one reaction from achiral starting materials with high levels of chemo and stereoselectivity and an impressive increase of structural complexity. Having established the optimal reaction conditions of the polycyclization sequence, we then examined the scope and limitations of this transformation. We initially focused on the reactivity of indanone-derived unsaturated imines 5b-5f decorated with a substituted aromatic ring on the benzylidene moiety. Alkyl substituents at the para position (R 4 = Me, Et, iPr) were well tolerated to produce the desired heterocycles 6b-6d in excellent yields, still in a completely diastereoselective manner. [10] The reaction was also applicable to substrates 5e and 5f bearing respectively an ortho (R 4 = Me) or a meta substituent (R 4 = Cl) on the aryl ring. Noteworthy, the latter provided the corresponding hexacyclic scaffold 6f as a single regioisomer in 59% yield. Next, we studied the substrate scope with respect to the substituent of the benzene ring of the indane core. α,β-unsaturated imines 5g-5q were conveniently transformed into the expected adducts 6g-6q in good to excellent yields for such multi-bond forming processes. The rapid hydrolysis of the imines 5h, 5m, 5o and 5p observed upon reaction with hydrochloric acid in HFIP can explain the moderate yields observed in these cases. N-Nosyl ketimine 5r was also amenable to the reaction leading to 6r in 54% yield. Different 2,4dienals underwent this domino transformation affording compounds 6s-6u with moderate to good yields. Noteworthy, 6u could be obtained from a dienal which does not possess a phenyl substituent. Finally, the reaction still proceeded smoothly when performed on 1-mmol scale using 5a. To further challenge the scope of this sequence, aurone-based azadiene 5v and 5w were reacted with 4-phenylhexa-2,4-dienal 1a under the optimized conditions to deliver the polycyclic benzofuran motif of 6v [10] and 6w respectively in 33 and 53% yield. The expected benzothiophene core structure 6x [10] was also obtained in 32 % yield along with a new unexpected tetracyclic architecture 7 [10] (14%). The domino transformation leading to 7 differs from the previous one by the absence of an electrophilic aromatic substitution and the migration of the tosyl group. [11] To further increase the functional group diversity of our compounds, versatile transformations of the indene-based hexacyclic derivatives were carried out (Scheme 3). We first examined the Suzuki-Miyaura cross-coupling reaction between the brominated scaffold 6k and phenyl boronic acid which afforded compound 8 in 72% yield. [12] We were also able to remove the 4-nitrobenzenesulfonyl group from the nitrogen atom in 6r under mild reaction conditions and the secondary amine 9 was obtained in 57% yield. [13] Finally, the copper-catalyzed aerobic oxygenation of the benzylic methylene of the indene core of 6h led to indenone 10 in 68% yield. [14] Scheme 2. Scope of the reaction for the formation of fused polycyclic scaffolds 6. General reaction conditions: dienal 1 (0.2 mmol), indanone-derived unsaturated imine 5 (0.1 mmol), HCl (37%) (0.2 mmol), HFIP (1 mL) at rt for 17h. Yields of isolated product are reported. [a] Reaction performed on a 1mmol scale (imine 5a)

Based on our previous work (Scheme 1, eq 2), [7] we postulated that cyclopendienol intermediate B arising from dienal 1 is involved in this cryptic transformation.

Scheme 3. Transformations of indene-based hexacyclic derivatives. See the Supporting Information for detailed reaction conditions

To assess this hypothesis, we performed a set of control experiments (Scheme 4). According to a known procedure, [15] the ephemeral cyclopentadienol intermediate B (R 1 = R 2 = H, Scheme 1) was generated in situ from ferrocenium hexafluorophosphate and water under air in the presence of 5a. Gratifyingly, in these conditions, the expected product 6y [10] was isolated in 3% to 8% after respectively 7h and 70h which confirms our hypothesis. The [4+2] cycloadduct 11 [10] was obtained as the major product and unique diastereoisomer [START_REF] Mehta | For the -facial stereoselectivity of 5-substituted cyclopentadiene in Diels-Alder cycloaddition, see : a)[END_REF] along with the corresponding hydrolyzed cycloadduct 12 and 7-aminonorbornene derivative 13 which derived from 11 with retention of stereochemistry. At this point, we believed that hexacycle 6y was generated from cycloadduct 11. Therefore, this spirocyclic norbornen-7-ol was engaged under the same reaction conditions affording 6y in 15% yield. Under anhydrous acidic conditions, HCl in HFIP, 6y was also obtained in 1% at room temperature and 8% at 50°C which seems to validate our assumption. We ruled out the possibility that 6y could arise from 13 since treatment of the latter in the aforementioned conditions did not deliver 6y. [17] DFT calculations also come to support the hypothesis of a [4+2] cycloaddition followed by the ring rearrangement of the cycloadduct (Scheme 5). [17] The indene dienophile 5z, bearing a mesyl group on the nitrogen atom and the unsubstituted cyclopentadienol B were chosen as realistic model substrates. The Diels-Alder process leading to the cycloadduct with the stereoselectivity observed experimentally was characterized by an activation energy of 24.3 kcal.mol -1 and an exergonicity of 8.8 kcal.mol -1 . [17] Since the reaction is performed in an acidic medium, [START_REF]the case of control experiments, HF could be generated from the hydrolysis of ferrocenium hexafluorophosphate[END_REF] a protonated indene dienophile was envisaged and compared to the above process, involving neutral species. This expectedly showed that the reaction was more favored when implicating the protonated dienophile 5z-H + , characterized by a lower LUMO.

Scheme 4. Control experiments

The transition state was indeed found to be 12.1 kcal.mol -1 above the reactants. A Van der Waals complex, linking the substrates, was found to be more stable than the separated substrates because of a hydrogen bond. This interaction explains why this arrangement is the most favorable. These results are fully in line with the experimental control experiments. [17] We then turned our attention towards the ring rearrangement of cycloadduct C into 6. The formation of 13 demonstrates that the nitrogen of the imine could displace the alcohol at the 7-position of the norbornene framework with retention of stereochemistry. After cycloaddition, C would lose a water molecule and lead to the non-classical 7norbonenyl cation D. [19] This latter is stabilized by an anchimeric assistance of the ethylenic double bond as shown by the small distances between the carbocationic center and the ethylenic carbon atoms. Its cyclisation via C-N bond formation can then lead to cation E. This cation seems surprisingly stable when considering its strained structure. This may however be attributed to the charge delocalization allowed in this case on the benzenic ring of the indene. Rearrangement of E by opening of the polycyclic structure appears to be relatively easy, even if leading to a less stable cation F. [20] The driving force of the process would be the final aromatic electrophilic substitution [17] which would lead, after deprotonation, to the final hexacyclic compound 6z, stable enough to shift the possible equilibria and drive the reaction to completion. The computed values are in agreement with the experimental reaction conditions and this mechanism seems reasonable to explain the stereoselective formation of the hexacyclic adducts 6. In summary, we have developed an unprecedented Brønsted acid-promoted domino transformation of dienals and cyclic ,unsaturated imines which provides intricate fused hexacyclic ring systems in highly chemo and diastereoselective manner. This interrupted iso-Nazarov initiated process leads to the formation of three new cycles, four new bonds and four contiguous stereocenters in one reaction from achiral starting materials and proceeds through the skeletal rearrangement of a [4+2] cycloadduct of a transient cyclopentadienol. 

Scheme 5 .

 5 Scheme 5. Computed pathway for the formation of 6
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COMMUNICATION

An unprecedent iso-Nazarov initiated domino polycyclization is reported from readily available 2,4-dienals and cyclic ,-unsaturated imines. This Brønsted acidpromoted transformation affords original polycyclic scaffolds and allows the formation of three new cycles, four new bonds and four contiguous stereocenters in a highly diastereoselective manner.