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Cobalt(I)-Catalyzed [6+2] Cycloadditions of Cyclooctatetra(tri)ene with Alkynes

CoI 2 (dppe)/Zn/ZnI 2 R 1 (or 2) 4 (or 5) 3

The cobalt-catalyzed [6+2] cycloaddition of cyclooctatetraene 1 with alkynes 3 affords monosubstituted bicyclo[4.2.2]deca-2,4,7,9-tetraenes in fair to good yields. The [6+2] cycloaddition applied to 1,3,5cyclooctatriene 2 and alkynes suffers from the competitive [4+2] cycloaddition.

Introduction

Thermal uncatalyzed higher order cycloadditions that involve polyenes as enophile are difficult to achieve because they suffer from a lack of periselectivity and often yield complex mixtures. [START_REF] Rigby | Comprehensive Organic Synthesis Trost[END_REF] Due to the valence tautomerism, the cycloaddition of cyclooctatetraene (COTT) 1 or 1,3,5-cyclooctatriene (COT) 2 2 with alkynes or alkenes partners affords a mixture of tricyclic and/or bicyclic adducts resulting from the [4+2] pathway (Scheme 1). 2 The transition metal-catalyzed higher order cycloadditions of cyclotrienes Scheme 1. Thermal Uncatalyzed [4 + 2] Cycloaddition of COTT 1 or COT 2 with Alkynes or Alkenes 1 or 2 + 6- electrocyclisation A are very useful reactions for the construction of medium sized ring compounds. 3 The [6+2] cycloaddition of tricarbonyl(η 4 -1)iron(0) complex with internal alkynes was first examined by Krüerke 4 to give metal-free adducts under thermal conditions. In contrast, the photoinduced [6 + 2] cycloaddition of tricarbonyl(η 4 -1 or 2)iron(0) complexes afforded at once a mixture of bicyclo[4.2.2]decatetra(tri)ene and (η 4 -bicyclo[4.2.2]decatetra(tri)ene)iron(0) complexes. 5 A related photoinduced cycloaddition of tricarbonyl(η 6 -1 or 2)chromium(0) with DMAD (Dimethyl acetylenedicarboxylate) forming metal-free adducts was reported by Rigby. 6 With terminal alkynes the chromium-promoted cycloaddition occurs through a stepwise [6 + 2] cycloaddition-homo [6 + 2] cycloaddition sequence to afford tetracyclic adducts (Scheme 2). 7 Sporadically, such reactions with non-carbonyl complexes were reported. For instance, the stoichiometric [6+2] cycloaddition of COTT or COT with alkynes have been described

with [CpMo(alkyne)2(MeCN)] [BF4] 8 or Ru(cod)(cot). 9 Scheme 2. Cycloadditions of [(η 6 -COTT or COT)Cr(CO)3] with Alkynes R R Cr(CO) 3 R R R R R
To our knowledge the metal-catalyzed [6+2] cycloaddition of COTT or COT with alkynes has never been described. Recently, we reported a [6 + 2] cycloaddition of CHT with terminal alkynes catalyzed by Co(I) complexes to afford bicyclo [4.2.1]trienes. 10a Our interest in the development of cobaltcatalyzed cycloadditions 10 prompted us to investigate the behavior of COTT or COT as enophiles.

Herein, we report the first cobalt-catalyzed [6+2] cycloaddition of cyclooctatetraene or cyclooctatriene as the partner of the reaction with alkynes.

Results and Discussion

The reaction of phenylethyne 3a and COTT 1 in the presence of CoI2(dppe) 11 and a Lewis acid/reducing agent couple namely ZnI2/Zn 12 in DCE at 40 °C for 20h afforded the desired 7phenylbicyclo[4.2.2]deca-2,4,7,9-tetraene 4a in 70 % yield (Table 1, entry 1). A similar result was observed combining CoI2(dppe) and Bu4NBH4/ZnI2 13 in 66 % yield. However, the first catalytic system was preferred for its compatibity with the functional group of the trienophile.

The scope and limitations of the [6 + 2] cycloaddition with regards to the terminal alkynes are summarized in Table 1. The reaction appeared to be quite general with various alkynes bearing functional groups such as ketone, sulfone, ester, imide, sufonate and nitrile (entries 4-6, 9-12) and trimethylsilyl substituent (entry 3) affording the [6+2] cycloadducts in moderate to good yields (56-94%).

Cycloadducts resulting from the valence tautomerism of the COTT were not formed. The only byproducts observed (≤5 %) by 1 H NMR of the crude reaction mixture are aromatic cyclotrimers from alkynes 3a, 3b or 3d. [START_REF] Hilt | For a recent report on the cobalt-catalyzed trimerisation of alkyne see[END_REF] As previously observed, the choice of the solvent was crucial for the reactions involving alkynols and TFE (Trifluroethanol) proved to be the best solvent allowing the formation of cycloadducts in good yields (entries 7-8). Unexpectedly, the reaction with ethynylcyclohexene 3m and propargyl trimethylsilane 3n afforded along with the [6+2] cycloadducts 4 a by-product 5 featuring the [6+2] cycloaddition was further examined with COT 2. In the presence of the cobalt catalyst at 40 °C, COT 2 and phenylethyne 3a afforded the desired 7-phenybicyclo[4.2.2]deca-2,4,7-triene 10a along with the tricyclic adduct 11a in approximatively 1/1 ratio and 38 % global yield (Table 2, entry 2).

The structure of 11a was established by NOESY experiment which revealed the featuring cyclobutane ring anti to the phenyl substituted bridge. The absence of the cycloadducts 12 and/or 13 (Scheme 5) in the crude reaction mixture rules out a [4+2] pathway for the cycloaddition of COTT or COT with alkynes leading to 4 or 10 respectively. In a control experiment no adduct was observed in the absence of catalyst.

Scheme 5. Undetected [4+2] Cycloadducts R R 12 13
Similar results were obtained with alkynes 3c and 3e (entries 8 and 9). The allowed disrotatory ring closure of 2 to bicyclo[4.2.0]octadiene A (Scheme 1) precedes the cobalt catalyzed [4 + 2] cycloaddition. At 35°C the ratio COT/A in equilibrium 15 is about 80/20. As shown in Table 2, the ratio 10/11 depends upon the temperature (entries 1-7) and the nature of the acetylenic compounds (entries 2, 8-9) but not on the initial equilibrium. According to Curtin-Hammett principle, the discrepancy in the formation of adducts 10 versus 11 shows that the rate controlling step is related to the relative reactivity of COT and A (Scheme 1).

The mechanism for the cycloaddition is not yet clear but on the basis of the known cobalt chemistry, two pathways can be proposed (Scheme 6). 16 According to Snyder, reduction of Co(II) to cationic Co(I) by zinc is accelerated by ZnI2. 12 Coordination of the cyclic polyene with [Co(I)L2] + complex 13 forms [η 6 -(COT or COTT)Co(I)L2] + complex I. 17 Scheme 6. Postulate mechanism of cobalt catalyzed [6 + 2] cycloaddition of 1 or 2 with alkynes. In the second path, we suggest that the oxidative cyclometallation of complex IV is initiated by a change of hapticity of the triene from η 6 (I) to η 4 (IV) allowing the coordination of the alkyne to afford the η 4 -η 2 complex IV. The complex V resulting from the oxidative cyclometallation of IV undergoes a 1,5-migration of the Co-C(sp3) bond through σ-π-allyl complexes to form the cobaltabicyclo adduct

R CoL 2 + CoI 2 L 2 + Zn + ZnI 2 R CoL 2 R L 2 Co R  +  +  + L 2 Co R 3 L 2 Co R L 2 Co R R  +  + CoL 2 +  + L 2 Co L 2 Co R L 2 Co R  +

III.

The formation of 11 is likely to occur from the well-documented cobalt-catalyzed [4+2] cycloaddition of dienes with alkynes 18 . The successive oxidative cyclometallation, alkyne insertion and reductive elimination steps give rise to B, C and 11 respectively.

Conclusion

In 10 mol %) were successively added and the resultant mixture was stirred at 40°C for 20 hours. The reaction was stopped by addition of pentane or petroleum ether and by stirring in air for ten minutes to deactivate the catalyst. After filtration on a short pad of silica and concentration in vacuo, the crude product was purified by flash chromatography (silica gel, petroleum ether) to afford 121 mg (70 %) of 4a as a colorless oil : 1 H NMR (200 MHz, CDCl3) δ 7. 52-7.49 (m, 2H), 7.43-7.38 (m, 2H), 7.33-7.31 (m, 1H), 6.52-6.34 (m, 2H), 6.15 (dd, J= 6.0, 0.7 Hz, 1H), 5.98-5.89 (m, 3H), 5.82 (dd, J= 5.8, 8.6 Hz, 1H), 3.93 (dd, J= 6.0, 8.6 Hz, 1H), 3.45 (dt, J= 8.6, 6.0 Hz, 1H) ; 13 C NMR (50 MHz, CDCl3) δ 141.8 d), 140.9 (d), 139.7 (s), 135.0 (s), 128.3 (d, 2C), 126.6 (d), 126.4 (d, 2C), 124.7 (d), 124.6 (d), 121.4 (d), 120.3 (d), 119.6 (d), 38.2 (d), 35.3 (d). IR (neat): υ (cm 

  first path, oxidative cyclometallation of complex I followed by coordination of the alkyne leads to cobaltacycle II. Insertion of the alkyne on the Co-C bond affords the cobaltabicycle III and subsequent reductive elimination of cobalt releases the cycloadduct and regenerates the active species [Co(I)L2] + .

Table 1 .

 1 Cobalt-Catalyzed [6 + 2] Cycloaddition of Cyclooctatetraene with Terminal Alkynes a Yields of isolated products by column chromatography. c TFE as solvent. 9-methylene-bicyclo[4.2.1]nona-2,4-diene framework (Scheme 3). The structure of this newly formed cycloadduct 5 was firmly established by 1 H-1 H COSY experiment. Interestingly, the formation of 5 can be viewed as a formal [6+1] cycloaddition due probably to the electronic effects of the TMS or vinyl Scheme 3. Cobalt-Catalyzed formation of 4 and 5 This reaction was briefly examined with COTT 1 and symmetrical internal alkynes or 1,3diynes affording the expected[6 + 2] cycloadducts in good yields (Scheme 4). For unkown reasons the Scheme 4. Cobalt-Catalyzed[6 + 2] Cycloaddition of Cyclooctatetraene with Internal Alkynes.

							R
		1	3		4
	entry	Alkyne	R		product	yield (%) b
	1	3a		Ph		4a	70
	2	3b		n-Bu		4b	61
	3	3c		SiMe3		4c	89
	4	3d		CH2SO2Ph		4d	71
	5	3e	CH2CH(CO2Me)2	4e	79
	6	3f	CH2C(Me)2CH2Ac	4f	75
	7 c	3g		CH2OH		4g	69
	8 c	3h		CH2CH2OH		4h	76
	9	3i		CH2CH2OAc		4i	56
	10	3j		CH2CH2OTs		4j	63
				O		
	11	3k		CH 2 (CH 2 ) 3 N		4k	94
				O		
	12	3l		(CH2)3CN		4l	88
			CoI 2 (dppe)/ZnI 2 /Zn		
	1	+	R			
						+
				DCE, 40°C, 20h		
							R
							5
					4	
				R		
	3m = R:		52 %	4m	89:11	5m
	3n = R: CH	2 SiMe 3	51 %	4n	72:28	5n

a All reactions were carried out with COTT 1/Alkyne 3/ CoI2(dppe)/Zn/ZnI2 in a 1.2/1/0.05/0.15/0.1 molar ratio in DCE at 40°C for 20h.

b 

Table 2 .

 2 Cobalt-Catalyzed [6 + 2] Vs [4+2] Cycloaddition of COT with Terminal Alkynes a Ratio determined by 1 H NMR. c Yields of isolated products by column chromatography.

						R
				CoI 2 (dppe)/Zn/ZnI 2	
		+	R			
						+
				DCE		
						R
	2		3			10	11
	entry Alkyne T°C time (h) 10/11 b yield (%) c
	1	3a	20	72	53/47	29
	2	3a	40	20	47/53	38
	3	3a	54	20	33/67	55
	4	3a	58	20	30/70	53
	5	3a	60	20	25/75	60
	7	3a	64	20	14/86	71
	8	3c	40	20	31/69	67
	9	3e	40	20	40/60	46
	a All reactions were carried out with COT 2/Alkyne 3/ CoI2(dppe)/Zn/ZnI2 in a 1.2/1/0.05/0.15/0.1
	molar ratio in DCE.					

b 

  summary, we have demonstrated the first catalyzed [6+2] cycloaddition of COTT with alkynes promoted with CoI2(dppe)/Zn/ZnI2 which affords 7-alkyl-bicyclo[4.2.2]deca-2,4,7,9-tetraenes. The reaction with COT gives both [6+2] and [4+2] adducts due to the valence tautomerism of COT. The enantioselective version of this cycloaddition is underway in our laboratories.

	Experimental section
	General procedure for the [6+2] cycloaddition of cyclooctatetraene. Preparation of 4a-4l, 8 and 9.
	7-phenylbicyclo[4.2.2]deca-2,4,7,9-tetraene, 4a as Representative Example with Terminal Alkyne.
	Zinc powder (8.2 mg, 0.125 mmol, 15 mol %) was added to a solution of CoI2(dppe) (30 mg, 4.22*10 -2
	mmol, 5 mol %) in DCE (1.5 mL) in a 15 mL Schlenk tube and the mixture was stirred at room
	temperature for two minutes. Then cyclooctatetraene 1 (105 mg, 1.0 mmol) in DCE (0.75 mL),
	phenylethyne 2a (86 mg, 0.843 mmol) in DCE (0.75 mL) and dry zinc iodide (27 mg, 8.43*10 -2 mmol,

  -1 ) 3026, 3013, 2922, 1596, 1487, 1441. Anal. Calcd for C16H14 : C, 93.16 ; H, 6.84. Found: C, 93.29 ; H, 6.64. 
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