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RHODIUM-CATALYZED CROSSED [2+2+2] CYCLOADDITION WITH YNAMIDES: KEY-STRATEGY FOR THE CONCISE TOTAL SYNTHESIS OF 3-OXYGENATED CARBAZOLE ALKALOIDS

Total syntheses of a set of naturally occurring 3-oxygenated carbazole alkaloids -6-chlorohyellazole, carazostatin, carbazomycins A and B -are described. The key-strategy underlines a highly chemo-and regioselective rhodium-catalyzed [2+2+2] cyclotrimerization between appropriately tailored yne-ynamides and 1-methoxypropyne that is stirred by the interplay of stereoelectronic and steric effects allowing the introduction of four ring substituents of the natural carbazoles within a single step and making the overall syntheses short and efficient.

). Both are of marine origin and have been isolated from the blue-green alga Hyella caespitosa. 2 Other 3-hydroxycarbazoles such as antiostatin A1, 3 carazostatin, 4 and the carbazomycins 5 A and B were isolated from micro-organisms, Streptomyces cyaneus 2007-SV1, Streptomyces chromofuscus, and Streptoverticillium ehimense H1051-MY 10, respectively.

 Carbazomycin B shows antimalarial activity against Plasmodium falaparum (IC50

= 2.37 μg/mL). 7 Moreover, it is an inhibitor of 5-lipoxygenase 8 (IC50 = 1.5 μM) and exhibits inhibitory activity against lipid peroxidation induced by free radicals. 9 The 3-hydroxycarbazoles antiostatin A1 and carazostatin are potent natural antioxidants. 3,10 Carazostatin was shown to exhibit much stronger in vitro inhibitory activity against lipid peroxidation of rat brain homogenate (IC50 = 0.17 μg/mL) than the well-known antioxidants, α-tocopherol, the biological and chemically most active form of vitamin E (IC50 > 100 μg/mL), and the food additive BHT (3,5-tert-butyl-4-hydroxytoluene, IC50 = 4.89 μg/mL). 9,11 Moreover, a strong ex vivo free radical scavenging activity of carazostatin in mouse blood plasma upon oral administration was demonstrated. 9 In view of potential applications of antioxidants as therapeutic agents against free radical induced oxidative damage affecting DNA, lipids and proteins, [START_REF]Free Radicals in Biology and Medicine[END_REF] radical scavengers such as antiostatin A1, carazostatin and carbazomycin B are interesting targets for total synthesis.

Figure 1. Selected naturally occurring 3-oxygenated carbazoles

A literature survey on total syntheses of 3-oxygenated carbazole based natural products shows that the assembly of their scaffold relies on two main strategies (Scheme 1). The first one is the indole-to-carbazole approach (AB→ABC ring construct). [START_REF] Review | [END_REF] It comprises a variety of reactions such as 6-electrocyclization, 14 Diels-Alder reaction, 15 Cadogan reaction, 16 intramolecular Friedel-Crafts reaction, 17 aldol condensation, 18 or ring-closing metathesis. 19 The second strategy (AC→ABC ring construct) involves the formation of the pyrrole unit from the A and C ring components that were assembled step-wise or in situ prior to ring closure. Transition metal-catalysis or metal free conditions were used to perform this ring closure from biphenylamines via C-N bond 20 or from N,N-diphenylanilines via C-C bond 21 forming reactions respectively (Scheme 1). Linking two aryl compounds and subsequent ring closure can be performed within a "one-pot procedure" using palladium catalysis 22 or via an iron-mediated coupling between anilines and iron complex salts. 23 Most of the reported routes towards carbazole alkaloids thus require multistep sequences to gain access to the required functionalized indole, biphenylamine or aryl halide precursors. A one-pot protocol (A→ABC ring construct), however, should facilitate step and atom economical approaches towards biologically relevant functionalized and/or substituted carbazole alkaloids. 24,25 Scheme 1. Major strategies towards 3-oxygenated carbazole alkaloids Some years ago we established the first reliable synthesis of functionalized ynamides applying alkynyl iodonium salts as N-ethynylation reagents. 26 The use of ynamides as novel building blocks and synthons in combination with transition metal catalyzed reactions opened new pathways towards N-heterocycles as being demonstrated by us 27 and others. [START_REF] Cook | For reviews on ynamides[END_REF] However so far, the potential use of ynamides in total synthesis has been scarcely explored. [START_REF] Witulski | Transition-Metal Mediated Aromatic Ring Construction[END_REF] Using ynamide chemistry we were able to achieve one of the shortest total syntheses of hyellazole 25 (6 steps, 39% overall yield) starting from commercially available 2-iodoaniline.

Furthermore, the first total synthesis of antiostatin A1 was realized by us in 16% overall yield and within 10 steps. [START_REF] Alayrac | [END_REF] Our respective strategy follows an A→ABC ring construct approach and is based on the transition metal catalyzed [2+2+2] cycloaddition 31 between suitably functionalized diynes 2 and 1-methoxypropyne 3, which allows the assembly of the carbazole core through the formation of three C-C bonds in a single step. In this report we wish to underline the usefulness of our developed methodology by further describing concise syntheses of naturally occurring 3-oxygenated carbazole alkaloids -6-chlorohyellazole, [START_REF]For total synthesis of 6-chlorohyellazole[END_REF] carazostatin, [START_REF]For total synthesis of carazostatin[END_REF] and the 3,4-dioxygenated carbazole natural products carbazomycins A and B. [START_REF]For total synthesis of carbazomycins[END_REF] The diyne-ynamides 2a-c were prepared from the readily available precursors 5 and 8, which were synthesized from the commercially available 2-iodoanilines 4 and 7 respectively (Scheme 2). The N-ethynylation of anilide 5 with alkynyl iodonium salt 6 delivered 2a (X = Cl, R 1 = Ph) in 60% isolated yield. The diynes 2b (R 1 = C7H15) and 2c (R 1 = Me) were prepared by deprotonation of ynamide 8 with LiHMDS and alkylation with 1-iodoheptane and iodomethane respectively, followed by desilylation with TBAF. Compounds 2b and 2c were isolated in yields of 59% and 87% (over 2 steps) respectively.

Scheme 2. Synthesis of diynes 2a-c

A set of metal complexes classically used as catalysts in [2+2+2] alkyne cycloadditions 31 was tested to compare their reactivity with that of Wilkinson's catalyst [RhCl(PPh3)3]. The latter was used by us already in the synthesis of hyellazole 25 and antiostatin A1, 30a as well as in the first total syntheses of alcyopterosins -distinctive phthalides of marine origin. 35 The reaction between diyne 2a and 1-methoxypropyne (3) was selected as the model reaction. When the crossed [2+2+2] cycloaddition between diyne 2a and alkyne 3 (10 equiv.) was carried out in toluene at room temperature in the presence of 5 mol% of [RhCl(PPh3)3] the expected carbazole 9a was chemo-and regioselectively obtained (93% yield, ratio of regioisomers 9a/9b = 19:1), (Table 1, entry 1). Extending the reaction time from 1 to 2 days gave a slightly higher yield (96%) without affecting the isomer ratio (entry 2). In comparison, the catalytic activity of [CoBr(PPh3)3] was significantly lower and was lacking any regioselectivity. A 1:1 mixture of the regioisomers 9a and 9b was isolated in 15% yield after 8 days at room temperature with a catalyst load of 10 mol% of [CoBr(PPh3)3] (entry 3). No significant change was observed when the reaction was performed at 60 °C (entry 4 versus 3). Iridium catalysis was tested using the catalyst system [IrCl(cod)2] (4 mol%) and bis(diphenylphosphino)ethane (DPPE, 8 mol%). After 6 days at 60 °C carbazole 9a was formed as the major regioisomer (9a/9b = 6:1) and isolated in 53% yield (entry 5).

Moreover, the homotrimerisation products 10a and 10b of 1-methoxypropyne 3 were now isolated as side products in 39% yield (ratio of isomers 10a/10b = 3:2). The use of [Ni(cod)2] (20 mol%) and triphenylphosphine (20 mol%) as catalyst consumed the substrate 2a within 2 days at room temperature.

However, only traces of the desired products 9a and 9b with a ratio of isomers of 9a/9b = 1:1 were isolated (entry 6). Main products were now 10a and 10b, which were isolated in 30% yield (ratio of isomers 10a/10b = 2:3). The formal [2+2+2] cycloaddition with the Grubbs' catalyst (10 mol%) -whose mechanism certainly differs from those of the other catalysts tested in this series and that most likely (a) Isolated yield (b) Isomer ratio determined from 1 H NMR spectrum. (c) traces (d) dichloro [1,3-bis(2,4,6-trimethylphenyl)-2-imidazolidinylidene](benzylidene)(tricyclohexylphosphine)ruthenium(II) follows a cascade of ring-closing en-yne metathesis steps 36 only afforded carbazoles 9a and 9b in 13% yield. Furthermore, it was lacking any regioselectivity (ratio 9a/9b = 1:1, entry 7). The side products 10a and 10b were formed in 5% yield with an isomer ratio of 10a/10b = 3:2. This brief screening concludes that Wilkinson's catalyst displays the highest catalytic activity for the conversion of diyne 2a into carbazole 9a in view of significantly shorter reaction times, chemo-and regioselectivity, as well as being an operational simple transformation. Best chemoselectivities were observed with rhodium and cobalt, whereas iridium and nickel catalysts led to the formation of significant amounts of the side products 10a

and 10b (30-39% yield) through a homotrimerisation reaction of 3. The preferential formation of the regioisomer 9a is only observed with the rhodium and iridium catalysts. However, the regioselective outcome of this unique crossed [2+2+2] cycloaddition is much higher with the former (isomer ratio of 9a/9b = 19:1 for Wilkinson's catalyst versus 6:1 for the iridium catalyst).

The total synthesis of 6-chlorohyellazole (1b) was now completed by N-tosyl group deprotection of 9a

with TBAF (tetrabutylammonium fluoride) in refluxing dry THF delivering 1b in 97% yield (Scheme 4).

Thus, the total synthesis of 6-chlorohyellazole (1b) was accomplished with 37% overall yield in a very short 6-step sequence starting from commercially available 4-chloro-2-iodoaniline. In summary, the short total synthesis of several naturally occurring 3-oxygenated carbazole alkaloids was described. Common key step is the rhodium-catalyzed crossed alkyne [2+2+2] cycloaddition between yne-ynamides and 1-methoxypropyne, which proceeds with excellent chemo-and regioselectivities and allows the introduction of five benzene ring substituents of the natural carbazoles within a single step.

This study highlights the applicability of the chemistry of ynamidesas well as the use of Wilkinson's catalyst with its high tolerance towards functional groups and its high regioselectivity in crossed [2+2+2] alkyne cycloadditionsin the synthesis of natural products and drug related targets.
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 1 Catalyst screening for the [2+2+2] cycloaddition of diyne 2a with 1-methoxypropyne 3

	Entry	Catalyst	Additive	T	t	9a/9b	Ratio b	10a/10b	Ratio b
		(mol%)	(mol%)	(°C)	(d)	(%) a	9a:9b	(%) a	10a:10b
	1	RhCl(PPh3)3 (5)	--	20	1	93	19:1	-c	-
	2	RhCl(PPh3)3 (5)	--	20	2	96	19:1	-c	-
	3	CoBr(PPh3)3 (10)	--	20	8	15	1:1	-c	-
	4	CoBr(PPh3)3 (10)	--	60	8	22	1:1	-c	-
	5	IrCl(cod)2 (4)	DPPE (8)	60	6	53	6:1	39	3:2
	6	Ni(cod)2 (20)	PPh3 (80)	20	2	--c	1:1	30	2:3
	7	Grubbs II (10) d	--	60	5	13	1:1	5	3:2
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SUPPORTING INFORMATION

Supplementary data (experimental procedures, spectroscopic and analytical data and copies of 1 H and 13 C NMR spectra) can be found, in the online version at URL: https://wwwheterocycles.jp