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Introduction

Cyclooctatetraenes (COTs) display interesting properties [1] and are rare in Nature; only one natural product has been reported so far containing this moiety: caulerpin. [2] The development of metalmediated syntheses to access highly substituted COTs has been investigated and their interest increased since the method described by Reppe in 1948. [3] Nevertheless, most of them lead to symmetrically substituted COTs. [4] A challenge in the field is the synthesis of fully substituted, unsymmetrical COTs with structural complexity. In this context, we recently reported a cascade sequence including cyclocarbopalladations [5] that provides facile access to fully substituted COTs 2 from alkenyl bromides 1 and a stannane as coupling partner (Scheme 1). [6] During this process, an aromatic side product 3 was also formed through an alternative competitive pathway. The proposed mechanism starts with twofold cyclocarbopalladations, first a 4-exo-dig and then a 5exo-dig, providing intermediate 4. From 4, an 8pelectrocyclization gives 5, then a 1,3 p-allyl palladium shift takes place followed by a Stille cross coupling leading to the final COT 2. To explain the formation of 3, intermediate 4 may alternatively undergoes a disrotatory 6p-electrocyclization to give intermediate 6. This palladium species then is subjected to a bcarbon elimination to afford compound 3. DFT calculations are in full agreement with the observed results for this transformation. Nevertheless, in addition to the modest yields reached for the synthesis of COTs 2 (18-53 %), the toxicity of the stannane compounds and their difficulty in purifying residual tin from the products remain a major concern. We were looking for a greener route to form 2 with alternative functionalities by means of a cascade ending with a different type of cross-coupling reaction. Here, we report our results using either a Sonogashira or a Suzuki-Miyaura cross-coupling. Moreover some structural modifications of the starting material were investigated to identify their effects on the reaction and expand the structural diversity achievable through this reaction.

Scheme 1. Previous method and proposed mechanism. These new approaches present major advantages: the boronic derivatives and terminal alkynes used are less toxic, completely removable and commercially available. They offer the possibility of introducing alkynyl and aryl groups with efficiencies that were not previously possible. Indeed, with the previously optimized conditions of the cascade reaction, only 18 % of the COT 2 was isolated with the use of tributyl(phenylethynyl)stannane and no COT was obtained with the use of tributyl(phenyl)stannane (Scheme 2). 
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Results and Discussion

Our first objective was to terminate the cyclocarbopalladation sequence with a Sonogashira cross-coupling instead of a Stille cross-coupling to introduce alkynyl groups. This study was carried out with alkenyl bromide 1b, that worked in equivalent way in previous study. In a preliminary experiment, classical conditions for the palladium catalysis were applied using Pd(OAc)2, PPh3, CuI and trimethylsilyl acetylene as the trapping reagent of the final organopalladium species (Scheme 3). The reaction was conducted under microwave irradiation at 100 °C in diisopropylamine. After full conversion of the starting compound 1b, COT 7 was isolated in 58% yield.

Scheme 3. Preliminary experiment.

During this process, two side products were also formed: the aromatic compound 3b as in the previous work and one another COT 8. The presence of 8 can be explained though the following mechanism (Scheme 4). A 4-exo-dig and a 5-exo-dig cyclocarbopalladations give intermediate 9b. An 8pelectrocyclization followed by a 1,3 p-allyl palladium shift then takes place ended by a Sonogashira cross coupling leading to the final COT 7. To understand the formation of 8, one can suggest that the common intermediate 9b undergoes a 6p-electrocyclization to give intermediate 11, which leads to the aromatic compound 3b after a b-carbon elimination and the alkynyl palladium species 12. A transmetallation between the two-organopalladium species 10 and 12 gives intermediate 13, that after reductive elimination produces the new COT 8. The presence of the COT 8 also supports the proposed mechanism and confirms the formation of 3b occurring through a unique process of b-carbon elimination. We then decided to optimize the reaction conditions to increase the selectivity towards 7. The reaction parameters examined were the palladium catalyst, the ligand, the copper and the base (Table 1). Side products 3b and 8 were observed in almost all reaction mixtures, yet they proved separable and their yield did not exceed 10-15% for both compounds. Compare to the initial reaction conditions (entry 1), the use of DavePhos, the best ligand used during the previous study, did not give good results, only 32% of COT 7 was isolated (entry 2). PdCl2(PPh3)2 (entry 3) and Pd(PPh3)4 (entry 4) instead of the system Pd(OAc)2/PPh3 gave almost the same result. The reaction was not complete after 30 min with the use of diisopropylethylamine while it was the case with diisopropylamine (entry 5). With triethylamine, the reaction worked as well as in diisopropylamine (58 %, entry 6). The copper source was also taken into account, and the use of CuCN showed identical result compared to CuI (entry 7). The presence of a copper source was also essential to enhance the rate of the reaction (entry 1 and 8). Eventually, the use of Pd(OAc)2/PPh3 with CuI in diisopropylamine or triethylamine under microwave irradiation proved to be the best conditions to obtain 7 in good yield. The scope and limitations of this reaction were next investigated. The starting compound 1b was tested under the optimized reaction conditions with various vinyl, silyl, aryl, alkyl acetylene (Pd(OAc)2 (5 mol%), PPh3 (10 mol%), CuI (10 mol%), iPr2NH, MW, 100 °C). Isolated yields for compounds 7-18 range from 50 to 71% (Scheme 5), which can be considered as good for the formation of four new C-C bonds in a one-pot operation. No reaction was observed with the use of 3,3-diethoxyprop-1-yne. Moreover, degradation of the reaction mixture was observed with the use of substrate 1e and trimethylsilyl acetylene.

To introduce an aryl group on the structure, which was not possible with the previous method (scheme 2), we suggested a new sequence and decided to use Suzuki-Miyaura cross-coupling reaction conditions with 4methoxyphenylboronic acid as the coupling partner.

To optimize the reaction conditions, different parameters were again tested: the palladium catalyst, the ligand, the base and the solvent mixture (Table 2). The base first was varied since it plays an important role in the mechanism of a Suzuki-Miyaura crosscoupling. [7] In the presence of Na2CO3 or K3PO4, the reaction was not complete even after 2 h. With Cs2CO3, the reaction was complete but the yield was modest, around 30%. The proportion of water in THF has no effect (THF/H2O: 98/2 and 85/15, entries 1 and 2). for the reaction (27 %, entry 4). Next the influence of the palladium source was evaluated, and Pd(PPh3)4 was used without showing an improvement (46 %, entry 5). The use of DavePhos as the ligand decreased dramatically the yield of the reaction (14 %, entry 6). THF was replaced by 1,4-dioxane or MeTHF, and did not show better results (44 and 34 %, entries 7-8).
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Eventually, the use of Pd(OAc)2/PPh3 with NaOH in a mixture of THF and water under microwave irradiation proved to be the conditions of choice to obtain 20 in good yield.

The scope and limitations of these optimized conditions were next investigated. The starting compound 1b was used with various aryl boronic acids (Pd(OAc)2 (5 mol%), PPh3 (10 mol%), NaOH (1.5 equiv.), THF/H2O, MW, 100 °C). The isolated yields for compounds 20-24 range from 15 to 53% (Scheme 6). The presence of a donating group in meta-position of the aryl boronic acid hindered the reaction (15% yield for 21 compared to 53 % yield for 20). This was also the case with an electron withdrawing group in the para position (43 % yield for 22 instead of 53% yield for 20) No reaction was observed with pentyl boronic acid.

Scheme 6. Scope of the cascade reaction ended by a Suzuki-Miyaura reaction.

Only one experiment was done with 1a to examine the Heck reaction as the terminating step in this palladium catalyzed reaction sequence. The use of methyl acrylate with Pd(OAc)2/PPh3 and diisopropylamine in benzene under microwave irradiation did not allow the formation of the cyclooctatetraene and only starting material 1a was isolated (Scheme 7). Structural modifications of the starting material were then investigated in order to study their effects on the course of the reaction and expand the structural diversity around the COT scaffolds. Indeed, the increase of the A, B and C ring sizes was studied as well as the introduction of a nitrogen atom in the ring C (Figure 1). Compound 1c with a seven-membered ring instead of a six-membered ring was first synthesized and tested under the optimized conditions of both cascade reactions ended with Stille and Sonogashira crosscoupling (Scheme 8).

Scheme 8. Cascade reaction ended by Stille and Sonogashira cross coupling using a seven-membered ring precursor.

In both cases, cyclooctatetraenes 28 and 30 were isolated in modest yields (respectively 28 and 25 %) with the appreciable quantity of the aromatic side product 29 (49 and 63 %). This latter compound represents the major product of both reactions, showing a strong influence of the cycle A on the course of the reaction. Considering the mechanism, it indicates that a seven-membered A ring favorably promotes the 6p electrocyclization from intermediate (1.3 equiv) Pd(OAc) 2 (5 mol%) PPh 3 (10 mol%) Next, the importance of the four-membered ring was evaluated and compound 35 was synthesized (Scheme 10). Various Stille or Sonogashira conditions ranging palladiums, ligands, base and solvents were examined in the synthesis of cyclooctatetraenes 36. None of them proved to be suitable for achieving high yields of the desired reaction. Indeed, compounds 36a or 36b seems to be present in poor yield (less than 30 %) in as a mixture of inseparable impurities and the reactions were not complete. No results were obtained with compound 38 containing an additional carbon on the side chain in order to increase the size of the cycle C. Indeed, with Stille reaction conditions, starting material 38 was recovered without any traces of compounds 39 and 40. It is interesting to note that 40 was already synthetized by our group from a slightly different starting material missing the C5H11-alkyne side chain but by similar palladium catalyzed reaction conditions: twofold cyclocarbopalladations 4-exo-and 6-exo-dig followed by one 6p electrocyclization. [8] This non-reactivity of compound 38 may be due to a different conformation (less open) of the palladium species of type 9a (Scheme 10) after the formation of the six membered-ring by the 6-exo-dig carbopalladation when compared to the formation of the five membered-ring (Scheme 4, compound 9b). In the present case, this intermediate 9a shows strong streric interactions between palladium substituants, cyclohexene and C5H11-alkyne side chain that must prevent a possible final 8p or 6p electrocyclizations. It is not the case when the C5H11-alkyne side chain is not present in 38 leading easily to the aromatic compound 40.
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Scheme 10. B and C ring expansions.

The influence of the nitrogen atom on the structure was also studied (Scheme 11). Indeed, in previous work, with oxygen, we obtained COT 42a in 53 % yield. Under the same reaction conditions, it was possible to isolate only 21 % yield of the COT containing a BOC protected nitrogen atom (42c). The protection of the nitrogen was necessary because the reaction did not working with free amine (42b). 

Conclusion

In conclusion, we have proposed three routes for the formation of fully substituted cyclooctatetraenes: cyclocarbopalladations followed by an 8p electrocyclization and ended either by Stille, Sonogashira or Suzuki-Miaura cross-couplings. Several new scaffolds containing alkynyl as well as substituted aryl and heteroaryl moieties has been obtained in good yields These new approaches present the advantage of extending the structural diversity of fully substituted unsymmetrical COT. The reactions proceeds in a one-pot operation, where three new rings and four bonds are formed.

Experimental Section

Cascade ended by a Sonogashira reaction. To an ovendried 0.5-2 mL microwave vial, under argon atmosphere, was loaded starting substrate 1b, 1c or 35 (50 mg, 0.1 mmol, 1 eq.) in diisopropylamine (1 mL, 0.1 M). To this solution were added Pd(OAc)2 (1.1 mg, 0.005 mmol, 0.05 eq.), triphenylphosphine (2.5 mg, 0.01 mmol, 0.1 eq.) and copper iodide (1.8 mg, 0.01 mmol, 0.1 eq.). The vial was sealed with a teflon cap and the mixture was degassed by three cycles of freeze-pump-thaw. Finally, the alkynyl coupling partner (0.12 mmol, 1.2 eq.) was added. The reaction mixture was heated at 100°C under microwave irradiation for 30 min. The reaction mixture was then filtered through a patch of celite and rinsed with Et2O. After concentration of the mixture under reduced pressure, the crude material was purified by silica gel chromatography affording cyclooctatetraenes.
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Cascade ended by a Suzuki-Miyaura reaction. To a 0.5-2 mL microwave vial, under argon atmosphere, was loaded starting substrate 1b (50 mg, 0.1 mmol, 1 eq.) in degassed anhydrous THF (1 mL, 0.1 M). To this solution were added Pd(OAc)2 (1.1 mg, 0.005 mmol, 0.05 eq.), triphenylphosphine (2.5 mg, 0.01 mmol, 0.1 eq.), boronic acid coupling partner (0.13 mmol, 1.3 eq.) and an aqueous NaOH 1M solution (0.15 mL, 0.15 mmol, 1.5 eq.). The vial was sealed with a teflon cap. The reaction mixture was heated at 100°C under microwave irradiation. The reaction mixture was then filtered through a patch of celite and rinsed with Et2O. After concentration of the mixture under reduced pressure, the crude material was purified by silica gel chromatography affording cyclooctatetraenes.

Cascade ended by a Stille reaction. To an oven-dried 0.5-2 mL microwave vial, under argon atmosphere, was loaded starting substrate 1b, 1c, 35, 38 or 41 (50 mg, 0.1 mmol, 1 eq.) in acetonitrile (1 mL, 0.1 M). To this solution were added Pd(OAc)2 (1.1 mg, 0.005 mmol, 0.05 eq.), DavePhos (3.9 mg, 0.01 mmol, 0.1 eq.) and finally the stannylated coupling partner (0.13 mmol, 1.3 eq.). The mixture was purged with argon for 5 min before sealing the vial with a teflon cap. The reaction mixture was heated for 1h at 100°C under microwave irradiation. The reaction mixture was then filtered through a patch of celite and rinsed with Et2O. After concentration of the mixture under reduced pressure, the crude material was diluted in 1 mL of reagent grade Et2O. To this solution was added DBU (1.5 eq.) followed by a 0.1 M ethereal iodine solution (0.1 mL). The mixture was then transferred to a short column of silica gel and eluted with Et2O. Purification by flash chromatography on silica gel afforded cyclooctatetraenes.
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 2 Scheme 2. Previous results with alkynyl and aryl tributylstannanes as coupling partners.
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 4 Scheme 4. Proposed mechanism.
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 5 Scheme 5. Scope of the cascade reaction ended by a Sonogashira reaction.
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 7 Scheme 7. Cascade reaction ended by a Heck reaction with methyl acrylate.
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 1 Figure 1. Structural modifications.

  Scheme 9. Mechanistic consideration.
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 11 Scheme 11. Introduction of nitrogen atom.

Table 1 .

 1 Cascade reaction ended by a Sonogashira reaction with trimethylsilyl acetylene.

Table 2 .

 2 Cascade reaction ended by a Suzuki-Miyaura reaction with 4-methoxyphenylboronic acid. a)

	Entry "Pd"/Ligand Base	Solvents	Yield
					20
	1	Pd(OAc)2	Cs2CO3	THF/H2O b) 32 %
		PPh3			
	2	Pd(OAc)2	Cs2CO3	THF/H2O c) 35 %
		PPh3			
	3	Pd(OAc)2	NaOH	THF/H2O c) 53 %
		PPh3			
	4	Pd(OAc)2	NaOH	THF/H2O d) 27 %
		PPh3			
	5	Pd(PPh3)4	NaOH	THF/H2O c) 46 %
	6	Pd(OAc)2	NaOH	THF/H2O c) 14 %
		DavePhos			
	7	Pd(OAc)2	NaOH	dioxane/	44 %
		PPh3		H2O c)	
	8	Pd(OAc)2	NaOH	MeTHF/	34 %
		PPh3		H2O c)	
	a) "Pd" (5 mol%), Ligand (10 mol%), base (1.5 equiv.) and
	4-methoxyphenylboronic acid (1.3 equiv), solvent (0.1
	M)/H2O, MW 100°C.			

b) 

Solvent/H2O: 98/2. c) Solvent/H2O: 85/15. d) Solvent/H2O: 75/25 NaOH leads to the best yield (53 %, entry 3) and we also observed that adding more water was not suitable

Acknowledgements

The authors gratefully acknowledge the support of the University of Strasbourg Institute for Advanced Study (USIAS) and the MNERT (S.B.) for fellowship.