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Micellar solutions of cetyltrimethylammonium bromide (CTAB) surfactant allow the spirocyclization of keto-ynamides in an aqueous medium without recourse to transition-metal catalysis, enabling access in water to naturally-occurring aza-spiro compounds with potential in drug discovery. The reaction was monitored by dynamic light scattering (DLS) and cryogenic transmission electron microscopy (cryo-TEM), which determined the morphology and change in size of the micelles before and after incorporation of the substrate and achievement of 5-endo-dig cyclization inside the micelles.

Introduction

Limiting the use of organic solvents in synthesis is currently an intensely pursued goal. [START_REF] Lipshutz | [END_REF] Performing complex reactions in water is, however, limited by the poor solubility of most organic compounds. Micelle-forming surfactants can enable the solubilization of otherwise insoluble compounds. Metal-catalyzed reactions carried out in micellar systems have been extensively studied. [2] In the recent years, the scope of reactions conducted in micellar systems has significantly broadened with, for example, the aerobic oxidation of aryl alkynes [3] the nucleophilic aromatic substitution, [4] the sulfonylation of polyfluoroarenes [5] and the monofluorination of indoles. [6] The use of micellar systems in the above-mentioned examples also limits the recourse to transition metal catalysts. These recent advances have made micelle-enabled reactions possible at an industrial scale with good reproducibility and low E factor. [7] In this blooming field it is however striking that, although the size and shape of the micelles were identified as key to achieve high levels of conversion, hence the concept of "designer" surfactant, [2b] no information appears to be available on the effect of the substrate on the morphology and size of the micelles during the reaction. To our knowledge, physical techniques, such as dynamic light scattering and electron microscopy, have so far only been applied to the characterization of the empty micelles. [5] Depending on its location in the micelle, whether in the hydrophobic core or in the polar zone formed by the surfactant polar heads, the substrate can differently impact the size and shape of the micelle, and hence, the outcome of the reaction. A large group of bioactive compounds possesses a spirocyclic system that is usually part of a more complex ring system. [START_REF] Williams | Carboxamide spirolactam CGRP receptor antagonists[END_REF][START_REF] Ng | 3-spiro-7-hydroxamic acid tetralins as HDAC Inhibitors[END_REF] We reported recently the spontaneous spirocyclization of keto-sulfonamides via ynamides in a one-pot process [10] (Scheme 1, reaction a). Furthermore, quaternary ammonium salts allowed the spirocyclization of nonactivated keto-ynamides [11] (Scheme 1, reaction b) All these reactions were conducted in classical organic solvents. In the present work, we report the first spirocyclization of a keto-ynamide in micelles of cetyltrimethylammonium bromide (CTAB) in the absence of any transition metal catalyst. We proved directly by dynamic light scattering (DLS) and cryogenic electron microscopy (cryo-TEM) that the substrate is encapsulated in the micelles after deprotonation, and that spirocyclization occurs subsequently in the inner core of the micelles (Scheme 1, reaction c).

Reports on the synthesis of spiro compounds in water are scarce. The only example we are aware of uses sodium stearate in a Lewis base surfactant-combined catalysis in a threecomponent one-pot reaction. [12] This synthesis led to spirooxindole derivatives in aqueous micellar media. However, this method is limited to the use of isatin, malonitrile and 1,3dicarbonyl compounds. Although the quaternary center is present in the target compound, the pyranic structure of the second spiro ring thus created cannot allow direct access to natural compounds.

Here, we explored the 5-endo-dig cyclization starting from a keto-ynamide solubilized in an aqueous micellar system, while monitoring the incorporation of the substrate in the micelles before the onset of the reaction, and eventually the presence of the final product in the micelles, using DLS and cryo-TEM.

Results and Discussion

We first prepared micellar solutions of a variety of surfactants, including anionic ones (i.e. sodium dodecylsulfate, SDS) and neutral ones (i.e. Tween 40, a polyethoxylated sorbitan esterified by fatty acids; Pluronic-F68, an amphiphilic block copolymer; and TPGS-750-M, a diester comprising racemic α-tocopherol, MPEG-750, and succinic acid), in the presence of one equivalent of a base (tBuONa). In these conditions no spirocyclization was observed and the starting material was fully recovered (Supporting Information, Table S1). Then, having recently used quaternary ammonium salts to perform spirocyclization in organic solvents, [11] we investigated the spirocyclization of the keto-ynamide 1 within the organic core of micelles of cetyltrimethylammonium bromide (CTAB) dispersed in water, and this without recourse to a transition metal (Scheme 2). Keto-ynamide 1 was prepared via copper catalyzed N-alkynylation of the corresponding tosylsulfonamide using Hsung's procedure. [13] Scheme 2. Synthesis of aza-spiro compounds in aqueous micellar solutions.

We found that the 5-endo-dig cyclization of keto-ynamide 1 can be successfully achieved in aqueous micellar solutions of CTAB using NaOH as the base. Micelle morphology and size were determined before and after introduction of the substrate, and after completion of reaction.

Solutions of CTAB alone (0.03 mol L -1 ) in aqueous NaOH (0.03 mol L -1 ) are transparent and consist of a homogenous population of spherical micelles, as evidenced by cryo-TEM, the spherical micelles are highlighted with arrows, the core of the micelles are seen as black dots as reported earlier [14] (Fig. 1a). DLS analysis of micellar CTAB solutions were performed after adding a NaCl solution (0.8 mol L -1 ) in order to screen the electrostatic interactions. Figure 1b shows the variation of the autocorrelation function, the fast decay of which signals the presence of small circular micelles, in agreement with earlier reports. [15] The deduced size distribution exhibits a predominant peak centered at 3.6 nm (polydispersity index 16%). We then incorporated the keto-ynamide 1 in an aqueous dispersion of CTAB micelles at 30 °C. The substrate/surfactant ratio was set to 1:25, meaning that 6 molecules of 1 are solubilized in one CTAB micelle, knowing that the typical aggregation number in CTAB micelles is around 137 at 30°C. [16] The payload in substrate was chosen relatively low in order to facilitate its incorporation in the organic core of the micelles. The addition of 1 resulted in an opacification of the initially transparent micellar solution, indicating that the substrate is not immediately solubilized. This was further supported by cryo-TEM experiments that show micron-size crystals coexisting with CTAB micelles (Fig. 2a) and by absorbance measurements (Fig. 2b). The incorporation of the keto-ynamide in the micelles is complete after 2 h, as monitored by light absorbance experiments that shows that the medium recovers its transparency. Cryo-TEM (Fig. 2c) and DLS (Fig. 2d) experiments show that the CTAB micelles (8.2 nm in radius, polydispersivity index 25%) are loaded with keto-ynamide. After 48 h of stirring at 30°C, the reaction medium is transparent and homogenous. The work-up of the reaction mixture led to the spiro ester 2 (as an E/Z mixture) in 79 % yield, along with E spiro acid 3 (18%) (Table 1, entry 1). It should be noticed that an exclusive E configuration of the double bond for the acid was obtained, likely due to a faster saponification of the E-isomer favored by intramolecular hydrogen bonding between the carbonyl group and carboxy function of the enamide. Importantly, no reaction was observed in the absence of CTAB; the keto-ynamide substrate was totally recovered (Table 1, entry 2), meaning that the micelles are mandatory for the reaction to occur. Reducing the reaction time from 48 h to 16 h led to incomplete reaction: 30% of the starting material was recovered (Table 1, entry 3). The ester/acid ratio (4:1) remains constant. In this case, the reaction medium was still turbid, suggesting that the keto-ynamide was not totally incorporated in the micelles, as confirmed by micelle sizing (Supporting Information, Figure S1). Likewise, decreasing the concentration of CTAB to 10 equivalents also reduces the conversion (50% only), while the ester/acid ratio remains constant (4:1) (Table 1, entry 4). Changing the base from NaOH to LiOH or KOH did not improve the results (Table 1, entries 5, 6). It is noteworthy that even if the surfactant Triton B leads to spirocycle 2 in the THF/H2O mixture (100/1.6), [11] Triton B only leads to the starting material along with hydrated ynamide (20%) when the synthesis is performed in water (table 1, entry 7). A gram scale experiment with CTAB/NaOH was performed leading to spirocycle 2 without erosion of the yield. [a] Reactions were conducted at 30°C. [b] Yield of isolated compounds. [c] Starting material is totally recovered. [d] 20% hydrated ynamide was obtained along with starting material.

We characterized the micellar solution directly as mixture at the end of the reaction in the conditions that lead to 79% of spiro ester 2 (Table 1 entry 1). Figure 3a shows a cryo-TEM image of the reaction mixture after 48 h, when the work-up was initiated. It shows that this mixture is homogenous (see also larger field images in Supporting Information, Fig. S2) and only contains small spherical micelles. No crystals or aggregates were observed, which means that all the aza-spiro compound is located in the micelles. DLS measured at different angles confirms the homogeneity of the reaction mixture and shows a fast decay of the autocorrelation function with time, reflecting the presence of small spherical micelles 3.9 nm in radius (polydispersity index 10%). As the micellar conditions used led to a mixture of three compounds, we attempted to convert the E/Z mixture of spiro ester 2 into E-spiro-acid exclusively. Whereas classical saponification conditions in organic solvents (i.e. NaOH/MeOH, LiOH.H2O/THF/H2O, KOH/DMSO) did not provide acid 3, saponification conducted within the micellar system at 50°C led to the desired E-configurated acid 3 in 75% yield (Scheme 3), thus emphasizing the scope of the micellar reaction. To the best of our knowledge saponification of enamides substituted with an ester function has been reported only once in a specific case of methyleneisoindolinones. [17] Scheme 3. Saponification of the spiro-enamide within CTAB micelles.

We propose the following mechanism to explain the cryo-TEM and DLS data (Scheme 4). Keto-ynamide 1 is deprotonated outside the micelles (1.a). The surfactant selected, CTAB, consists of an amphiphilic cation and a bromide counterion. The CTAB micelles have positive surface charges and loosely bound Br -ions (Scheme 4a). [START_REF] Lindman | Magnetic Resonance in Colloid and Interface Science[END_REF] This arrangement promotes interactions with the negatively charged keto-ynamide substrate, which facilitate its incorporation in the micelles. The electronic interactions between the polar heads of CTAB in the micelles and the flexible side chain of the keto-ynamide, likely contribute to a preferred localization of the substrate in the vicinity of the polar heads (Scheme 4b), leading to the observed significant enlargement of the micelles (from 3.6 nm to 8.2 nm in radius). The confinement of the enolate enables the reaction to take place, and its orientation, with the negatively charged tertiary enamide oriented toward the positively charged heads of the micelles, favors the formation of the E configurated enamide. This results in higher E/Z selectivity (95:5) as compared to that obtained when the reaction is performed in organic solvent (77:23). [11] Scheme 4.a Schematic representation of spherical CTAB micelles (light blue: CTAB polar heads, dark blue: Br ions, green: CTAB aliphatic chains). The negatively charged deprotonated keto-ynamide substrate 1.a interacts electrostatically with the positively charged surface of CTAB micelles, leading to its incorporation at the interface (4.b). As the reaction proceeds, ketoynamide 1.a is converted into the neutral aza-spiro final compound 2, which is preferentially located among the fatty chains that form the core of the micelles (4.c).

After protonation at the interface by water molecules, the aza-spiro 2 is no longer charged and exhibits a more compact structure due to its more rigid tridimensional conformation. As a consequence, the compound is preferentially located in the hydrophobic core of the micelle, thus accounting for the eventual decrease of the micelle radius to 3.9 nm (Scheme 4c). Moreover, the confinement of the substrate in the micelle and the trapping of the hemiacetal at the interface is also advantageous for the saponification of the spiro-compound. The fact that saponification does not occur in organic solvents thus further supports the proposed mechanism.

Conclusion

To sum up, we found that the spiro-cyclization of ketoynamide 1 can only occur in water when performed in micelles of CTAB without recourse to metal catalysis. Aza-spiro esters E/Z (95:5) and the corresponding spiro-acid (100% E) were obtained with good yields. The esters can be converted within the micelles in the pure E acid with 75% yield. These compounds possess the aza-spirocyclic framework found in naturally occurring compounds that have powerful bioactivity, and in several synthetic drugs. To our knowledge, this is the first time that such compounds are synthesized in aqueous media using micelles as nanoreactors. Cryo-TEM and DLS proved the encapsulation of the substrate and subsequent spirocyclization in the CTAB micelles. The changes in micelle size during reaction, provided insights on the interactions between the substrate and the micelles as well as on the reaction mechanism.

Experimental Section

See the Supporting Information for experimental details.
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 1 Scheme 1. Spirocyclization of keto-ynamides.
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 11 Figure 1. a) cryo-TEM image (the arrows indicate the micelle cores seen as black dots), and b) DLS profile of the micelles formed in solutions of CTAB (0.03 mol L -1 ) in aqueous NaCl (0.8 mol L -1), showing the decay of the function over time (blue) and the variation of the amplitude versus the hydrodynamic radius (black).

Figure 2 .

 2 Figure 2. a) cryo-TEM image taken immediately after incorporation of the keto-ynamide in the micellar solution showing non-solubilized crystals of substrate. b) Absorbance spectra of CTAB micelles in water (black), CTAB micelles loaded with keto-ynamide (blue), CTAB micelles containing the azaspiro compound (after 48 h, red). c) Cryo-TEM image, and d) DLS of CTAB micelles (0.03 mol L -1 in 0.8 mol L -1 NaCl) loaded with the keto-ynamide substrate showing the autocorrelation function decay (blue) and the variation of amplitude versus hydrodynamic radius (black) after 4 h.

Figure 3 .

 3 Figure 3. a) Cryo-TEM image (the arrows indicate the micelle cores seen as black dots), and b) DLS of CTAB micelles (0.03 mol L -1 in 0.8 mol L -1 NaCl) containing the aza-spiro compound after completion of the reaction. In b) autocorrelation function decay over time (blue) and variation of the amplitude versus the hydrodynamic radius (black).

Table 1 .

 1 Reactivity of the keto-ynamide 1 in micellar solutions of cetyltrimethylammonium surfactants CTAB.

				[a]			
	Entry	Surfactant (equiv)	Base (equiv)	Time	[b] Yield [%] 2 (E/Z ratio) 3	% conv.
	1	CTAB (25)	NaOH (25)	48 h	79 (95:5)	18	100
	2	-	NaOH (25)	48 h	-[c]	-	0
	3	CTAB (25)	NaOH (25)	16 h	56 (90:10)	13	71
	4	CTAB (10)	NaOH (10)	16 h	39 (88:12)	10	94
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