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Herein, we describe an unprecedented access to all-carbon or heterocyclic seven-membered ring frameworks from 1,8-ene-ynes promoted by inexpensive low-valent titanium(II) species, readily available from Ti(OiPr)4 and Grignard reagent. A broad range of cycloheptane, azepane or oxepane derivatives has been obtained (19 examples) with moderate to good yields and an excellent selectivity (up to 95/5 d.r.).

Natural products synthesis is a tremendous source of inspiration and creativity. Faced with the molecular complexity and diversity encountered in nature, a synthetic chemist has to find innovative tools to tackle these problems. [1] In this area, the construction of seven-membered ring frameworks, which are represented in numerous natural compounds or pharmaceuticals (Fig. 1), appears to be a compelling challenge. [2] Fig. 1 Natural compounds containing a seven-membered ring framework Ring expansions [START_REF] Bastos Lemos | [END_REF] or ring closing reactions mediated by a transition metal catalyst are among the classical methods employed for the access to such structures. For example, gold, [START_REF]From gold catalyst see for example[END_REF] ruthenium, [START_REF]From ruthenium catalyst see for example[END_REF] palladium, [START_REF] Peshkov | From palladium catalyst see for example[END_REF] rhodium [START_REF] Tap | From rhodium catalyst see for example[END_REF] or iridium [START_REF] Fernández | From iridium catalyst see for example[END_REF] catalysts have already proven their efficiency in the construction of sevenmembered rings. Even though these processes allow a straightforward access to such cycles, they often require an expensive catalyst, tedious reaction conditions, or sophisticated precursors involving multistep sequences. Regarding the available methods, for economic and chemoselectivity issues as well as environmental concerns, designing new routes to sevenmembered ring adducts remains a significant challenge.

Titanium is a very abundant element in nature (9 th of the Earth's crust). In addition to its low cost, commercially available titanium alkoxides are non-toxic and eco-friendly. Since the beginning of the 1990s, chemistry of low-valent dialkoxytitanium(II) has known significant advances thanks to the Kulinkovich cyclopropanation. [9] It was further established that Ti(II) divalent complexes were also suitable for promoting various reductive cyclization reactions, [START_REF]For a review, see for example[END_REF] leading to five-and six-membered rings by a ligand exchange occurring at the preliminary step with -systems, for example alkynes. [START_REF]For various representative examples[END_REF] More recently, first results mentioning low-valent titanium(II) mediated seven-membered rings syntheses were published. Hence, in 2001, Sato et al. reported an intramolecular reductive alkyne-alkyne coupling leading to a fused [4-7] bicycle. [12] Micalizio and co-workers published, in 2019, an elegant transformation involving low-valent dialkoxytitanium (II) for an access to highly functionalized fused polycyclic structures. [13] In this manner, several types of polycycles, including sevenmembered rings, are thus reachable through a tandem annulative process between an alkyne and two ketones (Scheme 1). Scheme 1 Titanium(II) mediated synthesis of seven-membered rings Inspired by the seminal works of Sato on various cyclization reactions involving ene-yne systems leading to five-and sixmembered rings [START_REF]For some representative examples[END_REF] we were delighted to discover, in the course of total synthesis of thapsigargin core, that Ti(II) was able to promote the diastereoselective formation of seven-membered rings through a reductive coupling process between an alkyne and an alkene. [15] Encouraged by this preliminary result, we decided to pursue our investigations in order to determine the scope and limitations of such a transformation (Scheme 2). We started by the synthesis of the racemic cyclization precursor 1 from phthalic anhydride. After a seven steps linear sequence, the appropriate 1,8-alkene-yne system was obtained. [START_REF]For the synthesis of cyclization precursors, see S.I. 17 For complete survey on optimization reaction[END_REF] With the support of our preliminary result, [15] we first investigated the best conditions to promote this cyclization (Table 1). [17] Experimental procedure involves three steps : the first one corresponds to the deprotonation of free alcohol function (step 1), by means of an organolithium or magnesium reagent, followed by addition of a Ti(IV) source (step 2) then generation of the Ti(II) active species (step 3) using an organolithium or magnesium reagent. 13 (c) Ti(OiPr)4 iPrMgCl Toluene rt 64% (60%) (d) (a) 1 H-NMR yield was determined from 1,3,5-trimethoxybenzene as internal standard. (b) 1 equiv. of Ti(OiPr)4 and 2 equiv. of iPrMgCl were employed. (c) Respectively 6 min. and 4 min. instead of 15 min. and 10 min. were used for steps 1 and 2. (d) Isolated Yield.

First, deprotonation step (step 1) turned out to be essential. No reaction occured without deprotonating the alcohol group. Generation of sodium alcoholate was unsuitable since the alkyne was desilylated. Lithium alcoholate allows the process to occur (44%) but not in a clean manner. [17] Magnesium alcoholate from deprotonation with iPrMgCl was thus the most appropriate method. A brief screening of common Ti(IV) reagents (step 2) showed that Ti(OiPr)4 was the most suitable precursor (entry 1, 2 and 3) yielding to (±)-2 in 59 % yield (entry 1). Interestingly, using stoichiometric amount of Ti(OiPr)4 had a detrimental effect (entry 4), similarly, other reducing agents like nBuLi (entry 5) or cpentylMgBr (entry 6) proved to be inappropriate and only degradation was observed. When the reaction was conducted in ethereal solvents such as THF (entry 7) or Et2O (entry 8), instead of toluene, yields respectively dropped to 32 and 34%. We next examined the influence of the temperature on the cyclization (step 3). Running the reaction at -40 °C afforded (±)-2 as traces with degradation side-products. At -20 °C and 0 °C, yields respectively rise to 20% (entry 10) and 43 % (entry 11) still along with degradation side-products whereas increasing the temperature to 45 °C delivered (±)-2 in a clean manner (entry 12, 57%). It is worth to mention that performing the reaction at room temperature or 45 °C turned out to be crucial for a clean and complete conversion. Finally, by shortening the deprotonation time (step 1) and the Ti(OiPr)4 mixing time (step 2), the yield was improved to 64% (entry 13, 60% isolated yield and 40% on 1.5 mmol scale) while maintaining an excellent stereoselectivity in favour of the transadduct (d.r. > 95/5). It should be mentioned that the brief mixing time of alcoholate with Ti(IV) (step 2) is essential. Indeed, the direct generation of Ti(II) after addition of Ti(OiPr)4 led to a modest yield (33%) and a loss of the selectivity. [17] With the best conditions in hand, we studied the scope and limitations of the reaction on several structural derivatives of 2 (Scheme 3). First, we investigated the influence of the substitution pattern on the alkyne. Precursor 3 bearing a bulky TBS group yielded the cyclized product (4, 55%) with an excellent selectivity. Introducing an alkyl instead of a silyl group such as a methyl group ( 5) resulted in a slight decrease in yield (6, 48%). Alkyne bearing phenyl (7) or p-methoxyphenyl group ( 9) respectively afforded 8 and 10 in good yield (60% and 49%). Interestingly, these conditions were also found suitable for alkynylphosphonate [START_REF] Quntar | [END_REF] (11) even if the expected product was obtained (12) in moderate yield (31%) along with degradation side-products. Noteworthy, in all cases, an excellent selectivity toward the trans-isomer was observed (d.r. > 95/5).

Scheme 3 Cyclization reaction onto ene-yne containing phenyl framework.

Compound 13, containing a tertiary methyl-vinyl-alcohol, structurally close to the cyclization precursor of thapsigargin core firstly engaged with low-valent dialkoxytitanium(II), [13] provided the corresponding seven-membered ring adduct 14 in Please do not adjust margins Please do not adjust margins modest yield (43%) with a total diastereoselectivity in favour of the trans-isomer. Finally, we surveyed the substitution of the alkene moiety. Compound 15 bearing internal methyl substituent onto the double bond, was reluctant to cyclize under our conditions, even in a prolonged reaction time or by heating at 50 °C. From an inseparable cis/trans mixture (36/64) of the precursor 16, only 20% of the desired product 17 was obtained as well as the alkyne reduction product (~14% with side products). These results could be explained by a steric hindrance between the alkene moiety and the titanacycloproprene intermediate, which precludes the ring closure. Concerning compound 16, we hypothesized that only the cis isomer was able to cyclize explaining the poor yield. Indeed, Sato et al. have already evidenced that such cyclization was highly sensitive to the geometry of the double bond. [14c] Finally, the conditions developed herein allowed the trapping of electrophiles like acetone (18, 27%). However, the yield was disappointingly low, which is probably due to a competitive deprotonation in α-position to the ketone moiety by the intermediate titanacyclopentene since a large amount of compound 2 was recovered at the end of the reaction.

All the cyclization reactions gathered in Scheme 2 led to excellent selectivity in favour of the trans-isomer. We presumed that the diastereoselectivity observed would arise from the free allylic alcohol. [START_REF]For assumed mechanism and selectivity, see S.I. 20 For some representative examples[END_REF] Indeed, its directing effect in the cyclization of enynol and allenynols systems has already been underlined. [20] Moreover, the need to keep a short mixing time with two equivalents of Ti(IV) could witness the real implication of the alcohol toward the selectivity observed through an interaction with one equivalent of titanium reagent. In order to assess this assumption regarding seven-membered ring adducts, we ran two control reactions with the vinylic alcohol protected as a silylated ether (19) or a methyl ether (20) (Scheme 4).

The cyclization reaction conducted onto TBS ether provided poor selectivity (ratio: 37/63) and yield (12% and 21% as determined by 1 H NMR) along with reduction of the alkyne moiety (20, 20% as determined by 1 H NMR) and numerous others inseparable undefined side products. In a similar manner, an important drop in yield and selectivity was observed when the reaction was performed onto methyl-ether 21. However, we were pleased to isolate the 8-membered ring adduct (22, 38%) as the major product, which would probably result from a SN2' mechanism. As a conclusion, the presence of a free alcohol in the allylic position seems to play a crucial role onto both selectivity and yield. Hence, less side reaction products were observed when substrates comporting a free allylic alcohol were involved compared to their homologues bearing a protected alcohol, free hydroxy group would then help to prevent side reactions. For these reasons, we pursued our scope investigation from allylic alcohol-type compounds.

We first regarded all-carbon chain containing ene-yne systems like 24, 26 and 28 (Scheme 5).

Scheme 5 Synthesis of cycloheptane derivatives

The conditions turned out to be suitable for 24, 26 and 28 and good yields were obtained respectively for 25 (53% and 48% on 1 mmol scale), 27 (41%) and 29 (54%) as well as excellent diastereoselectivities (up to 95/5). However, it is important to mention that the time for step 2 was shortened in order to circumscribe side reactions between Ti(IV) and the ketal moiety. This reaction can also be extended to N-or O-containing substrates in order to access to azepane (Scheme 6) or oxepane derivatives (Scheme 7).

Scheme 6 Synthesis of azepane derivatives

We were pleased to observe good conversion and selectivity from 30 offering the azepane derivatives 31 in moderate yield (51%). Intriguingly, replacing TMS group by a phenyl (32) or pmethoxyphenyl group (34) onto the alkyne led to a drop in yield (33, 42% and 35, 14%) and selectivity (33, 60/40 and 35, 69/31).

Although the yield was modest (27%), it was also possible to trap the titanabicycle intermediate by a ketone [START_REF]For assumed mechanism and selectivity, see S.I. 20 For some representative examples[END_REF] . Thus, the expected product 36, was obtained from 30, with an excellent diastereoselectivity in favour of the trans-isomer.

We finally carried out the cyclization reaction on compounds 37 and 39 and we were delighted to respectively obtain the corresponding oxepane derivatives 38 (43%) and 40 (28%) (Scheme 7).

Scheme 7 Synthesis of oxepane derivatives and assumed elimination mechanism

Astonishingly, conducting the reaction on 37 over a prolonged time (20 min. instead of 10 min.) decreased the yield to 19%. At the purification step, diol 42 was isolated with a modest yield (16%) [START_REF]For assumed mechanism and selectivity, see S.I. 20 For some representative examples[END_REF] . The presence of this product could explain the disappointing yield in cyclization adduct 18. Indeed, if the elimination of a leaving group at the α-position of a titanacyclopropene is well known, [21] the critical drop of the yield over a longer reaction time allows to presume that the This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins Please do not adjust margins expected cyclization process occurs first and the titanabicycle 41 intermediate undergoes an irreversible competitive elimination process leading to diol 42. [22] Thenceforth, a rapid quench of the intermediate, after 10 min as described, is required in order to limit this undesired pathway.

Conclusion

In summary, we have extended the intramolecular low-valent dialkoxytitanium(II) mediated cyclization reaction of ene-yne systems to seven-membered ring compounds with moderate to good yields. In most cases, a very good selectivity in favour of the trans-isomer was obtained. The conditions developed herein are mild, easy to set-up, relying on the use of inexpensive Ti(OiPr)4 and the cyclic adducts are obtained after a short time (~ 10 min) as a single diastereoisomer. Thanks to the conditions established, we were able to reach various (hetero)cycles i.e. cycloheptane as well as azepane or oxepane frameworks in a single step. We also highlighted the crucial role of the free allylic alcohol regarding the selectivity and the yield of the cyclization reaction. Thanks to the titanabicyclic intermediate, a complete control of the exocyclic double bond geometry is also to mention in all cases. Finally, we demonstrated the possibility to access 8-membered rings in moderate yield through a SN2' mechanism, which could open the way to the synthesis of larger cycles. Thus, the conditions need to be optimized and are currently undergoing in our laboratory.

a 1 H

 1 NMR conversion calculated from 1,3,5-trimethoxybenzene as internal standard. b Isolated yield. Scheme 4 Influence of the protecting group on allylic alcohol

Table 1

 1 Optimization of reaction parameters

	Entr y	Catalyst	Reductant	Solvent	Temp.	Yield (a)
	1	Ti(OiPr)4	iPrMgCl	Toluene	rt	59%
	2	TiCl2Cp2	iPrMgCl	Toluene	rt	0%
	3	TiCl(OiPr)3	iPrMgCl	Toluene	rt	33%
	4 (b)	Ti(OiPr)4	iPrMgCl	Toluene	rt	0%
	5	Ti(OiPr)4	nBuLi	Toluene	rt	0%
	6	Ti(OiPr)4	cpentylMgB r	Toluene	rt	0%
	7	Ti(OiPr)4	iPrMgCl	Et2O	rt	32%
	8	Ti(OiPr)4	iPrMgCl	THF	rt	34%
	9	Ti(OiPr)4	iPrMgCl	Toluene	-40°C	0%
	10	Ti(OiPr)4	iPrMgCl	Toluene	-20°C	20%
	11	Ti(OiPr)4	iPrMgCl	Toluene	0°C	43%
	12	Ti(OiPr)4	iPrMgCl	Toluene	45°C	57%

Conflicts of interest

There are no conflicts to declare.

Notes and references