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ABSTRACT: Spontaneous spirocyclization of ketosulfonamides via ynamides through a one-pot process is presented. ) Push-pull ynamides were obtained through Michael addition/elimination without copper. The obtained azaspiro compounds are building blocks for indole alkaloids. Theoretical studies provide insights into the mechanism of the formal Coniaene reaction.

Azaspiro scaffolds are increasingly being used in drug discovery because of their three-dimensionality. 1 Introducing a spirocyclic system to rigidify a ligand conformation has a strong impact on the binding of the ligand to a target protein, often providing enhanced benefit over flat rings. 2 A large group of bioactive, natural diterpenoids possesses a quaternary carbon incorporated within a spirocyclic system that is part of a more complex ring system. Specifically, spiroindoles such as the aspidosperma alkaloids 3 Elacomine 4 and Jerantinine E 5 are important targets because of their valuable pharmacological profiles, but challenging to prepare owing to the complexity of their tightly fused polycyclic scaffolds (Figure 1).

Figure 1. Aspidosperma alkaloids

Ynamides facilitate the synthesis of significant organic substructures because of the unique polarization of the triple bond. 6 During the past decades, transition-metal-catalyzed cycloisomerization reactions of ene-ynamides have emerged as extraordinary tools to create molecular complexity, especially for nitrogen-containing heterocycles. 7 However, spirocyclizations via keto-ynamides are lacking, and moreover, one pot transformations starting directly from keto-sulfonamides are noticeably absent. Herein we present a direct, new spirocyclization from ketosulfonamides through ynamides. This highly efficient, versatile process generates privileged spirocyclic scaffolds, producing building blocks for indole alkaloids.

Previous work on cyclization of silyloxy ene-ynamides demonstrated that cyclization of silyl enol ether-ynesulfonamides under silver catalysis led to bridged compounds through 7-exo-dig reactions. 8 Thus, we focused on the reactivity of substituted ketoynamides fused to aromatic rings. To our surprise, coppercatalyzed N-alkynylation reaction on compound 1a led to azaspiro derivative 2a directly through a one pot process from sulfonamides. The corresponding ynamide was not observed. Next, sulfonamide 1a was selected as a model for optimization of the reaction conditions (Table 1). The scope of the reaction was also investigated with respect to different substituents on the enamide product. The protocol was found to be general for electron-withdrawing groups as substituents (compounds 2a, 2l-2s), whereas the phenyl substituent (Table 3, compound 2j) was not beneficial in this transformation. However, an electron-withdrawing group on an aryl ring (Table 3, compound 2k) was accommodated, affording the desired compound, albeit in lower yield. It is worth mentioning that this reaction was effective for keto derivatives (Table 3, compound 2a, 2l-2s) as well as amides (Table 3

, compound 2t).

To gain insight into the underlying mechanistic pathway, calculations based on Density Functional Theory (DFT) were performed (computational details in the Supporting Information). DFT calculations have been shown to be efficient in the understanding of the mechanisms of copper-catalyzed cross-coupling reactions. [12][13][14][15][16][17][18][19] Sulfonamides derived from indanone 1a and tetralone 1e served as model substrates for all investigated processes. As the one pot spirocyclization is only compatible for ynamides bearing an electron-withdrawing group, we wondered whether or not the copper plays or not a key role in the mechanistic pathway involved. A comparative study was undertaken in this way. Oxidative addition of a Cu(I) species formed in situ 20 to the alkynyl bromide generates a Cu(III) alkynylcopper species. The excess base used can lead to double deprotonation of the keto sulfonamide substrate, which complexes the Cu(III) complex, forming copper complex I. As represented on the energy diagram (Figure 2) two geometries for this complex can be considered (I-A and I-B), and for this reason, two pathways can be envisaged (Scheme 1). Pathway A would involve reductive elimination to form a C-N bond (II-A), and 1,4-addition of the resulting copper (I) enolate to the alkynoate, leading to alkenylcopper (I) intermediate II. Pathway B would involve reductive elimination to form a C-C bond (II-B), followed by 1,4-addition of an amidocopper (I) species on the alkynoate, providing the same alkenylcopper(II) species (Figure 2). Although both pathways are consistent with the fact that 1,4addition of a copper-complexed species is in favor of a one pot spirocyclization with an electron withdrawing group, the energetic barrier needed to achieve this transformation is 12.8 kcal.mol -1 for pathway A (Figure 2, II-A  II) whereas the corresponding copper-free pathway requires only 5.4 kcal.mol -1 (see Supporting Information, Figure A). Pathway B is less favorable: 15.6 kcal.mol -1 are needed to access intermediate II in the coppercatalyzed process (Figure 2, II-B  II), whereas the non-copper pathway requires only 7.7 kcal.mol -1 (see Supporting Information, Figure A). A plausible mechanism consistent with this enthalpy profile suggests a 5-endo-dig addition of keto-ynamide enolate in situ, providing the spiro derivative after protonation (Pathway A). Control experiments suggested by a reviewer led to the remarkable observation that the whole process works without copper. Yields of azaspiro derivatives could be improved (Table 4, entries 1-2, 4-7), and the spirocyclization is only suitable for ynamides bearing an electron-withdrawing group (Table 4, entry 3). Transitional push-pull ynamides are probably the result of a Michael addition/elimination process followed by subsequent cyclization in basic medium. A synthesis of ynamides directly from sulfonamides was previously reported, although using a stronger base together with a Lewis acid. The mixed azaspiro derivatives 2a and 2e derived from indanones or tetralones, respectively, could be converted to the sole E compounds quantitatively by treatment with p-TsOH (Scheme 2).

Scheme 2. Isomerization of spiro-enamides

In summary, we have developed a one-pot spirocyclization from sulfonamides to the synthesis of azaspiro derivatives. This chemistry tolerates a variety of alkanones as well as numerous substituents at the alkenyl moiety. Thus, multiple ring sizes for the spiro derivatives are accessible. Furthermore, this strategy enables the efficient construction of azaspirocyclic scaffolds which can be useful building blocks for alkaloid indoles. DFT calculations gave insights in the underlying mechanism and corroborated the results obtained. Further studies expanding the scope and applications of this one pot process are ongoing in our laboratory.

Figure 2 .

 2 Figure 2. Comparative study for the mechanistic investigation with copper. Computed reaction pathways A and B (in kcal.mol-1)

Table 1 . One pot spirocyclization and optimization

 1 The effect of the base was first examined. Whereas K 2 CO 3 was slightly less efficient than Cs 2 CO 3 for spirocyclization (Table 1, entries 1 and 2), 4 equivalents of Cs 2 CO 3 at 85 °C provided the most advantageous yield of spiro compound 2a (Table 1, entry 4). Changing the metal to FeCl 3 9 (Table 1, entry 5) or using CuI 10 (Table 1, entry 6) did not improve the yield, and either starting material was recovered or degradation has occurred. Therefore, the reaction conditions listed in entry 4 were selected for further investigations. Next, we focused on various keto-sulfonamides. Monocyclic sulfonamides were converted into the corresponding spiro enamides in rather low yield (Table 2, compound 2b). An indanone derivative (Table 2, compounds 2a, 2d) or tetralone derivatives (Table 2, compounds 2e, 2f) were suitable substrates. Modifying the spacer length (Table 2, compound 2c) or larger ring sizes (Table 2, compound 2g) led to the desired spiro derivatives. Even the functionalized indolone building blocks 1h and 1i led to spiro derivatives 2h and 2i in a one pot process.

	entry	base (equiv)	temp (ºC)	% yield a (E/Z ratio)
	1	K 2 CO 3 (2.5)	85	79 (70/30)
	2	K 2 CO 3 (4)	85	81 (70/30)
	3	Cs 2 CO 3 (2.5)	85	81 (70/30)
	4	Cs 2 CO 3 (4)	85	83 (70/30)
	5 b	Cs 2 CO 3 (4)	85	-c
	6 d	Cs 2 CO 3 (4)	90	-e
	a Yield of isolated compound. b CuI (5 mol %)/DMEDA
	(18 mol %) were used instead of CuSO 4 •5H 2 O/1,10-phenanthroline. c Starting material is totally recovered. d FeCl 3
	(10 mol %)/DMEDA (20 mol %) were used instead of
	CuSO 4 •5H 2 O/1,10-phenanthroline. e Degradation of starting mate-
	rial is observed. DMEDA: N,N′-Di-methylethylenediamine.

a Yield of isolated compound. b See reference (11) for CCDC deposition number.

Table 3 . Functionalization of the ynamide moiety

 3 

	2a 83% yield a	2j 0% yield a	2k 37% yield a
	E/Z ratio (70/30)		E/Z ratio (100/0)
	2l 71% yield a	2m 58% yield a	2n 75% yield a
	E/Z ratio (56/44)	E/Z ratio (100/0)	E/Z ratio (100/0)
	2o 83% yield a	2p 74% yield a	2q 78% yield a
	E/Z ratio (100/0)	E/Z ratio (100/0)	E/Z ratio (100/0)
	2r 82% yield a	2s 85% yield a	2t 47% yield a
	E/Z ratio (100/0)	E/Z ratio (100/0)	E/Z ratio (100/0)

a Yield of isolated compound.
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Table 4 . Spirocyclization without copper

 4 

	entry	n substituent	product	% yield a (E/Z ratio)
	1	1	2a	100 (96/04)
	2	2	2e	92 (64/36)
	3	1	2j	0 b
	4	1	2m	100 (100/0)
	5	1	2n	88 (100/0)
	6	1	2o	100 (100/0)
	7	1	2r	87 (100/0)

a Yield of isolated compound. b Degradation of starting material is observed.
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