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A new synthetic route to 2,2,6,6-tetraethylpiperidin-4-one and derived aminoxyl (nitroxide) radicals is described. In this preliminary work, 2,2,6,6-tetraethylpiperidin-4-one was obtained from ethyl acetoacetate in 3% yield over eight steps, relying only on common reagents and laboratory equipment for organic synthesis.

Introduction

Nitroxides are a class of organic compounds containing a N-O • functional group. Unusually for organic molecules, many nitroxides are stable radicals. Due to their stability but interesting reactivity, they have found a myriad of applications including: spin labelling, 1 radical-mediated polymerization, 2 oxoammonium-catalyzed oxidation of alcohols, 3 and redox probes in biology, 4,5 to name but a few.

While significant research has been done on tetramethyl-substituted nitroxides since the 1970s to understand the chemistry and behavior of nitroxides in a biological context, [6][7][8][9][10][11][12][13] the recent development of a generation of nitroxides that are stable against reduction has opened new perspectives for in vivo applications. 14,15 The introduction of four ethyl groups in place of methyls dramatically increases the resistance of the N-O • functional group against reduction to hydroxylamine (N-OH) by bioreductants, due to both a steric effect and a decreased redox potential of the aforementioned pair. 16,17 The insertion of ionizable carboxylate groups in the structure affords additional protection through electrostatic repulsion as recently shown with pyrrolidine nitroxides. 18 Nitroxides derived from 2,2,6,6-tetraethylpiperidin-4-one 1, such as compound 2, have been used in vivo, [19][20][21][22] and are also a cornerstone in the synthesis of other tetraethyl nitroxides such as pyrrolidine-and pyrroline-based ones (Scheme 1). 15,[23][24][25][26] However, the presence of bulky ethyl groups in tetraethyl-substituted nitroxides makes them far more difficult to synthesize than their methylsubstituted counterparts. In EPR spectroscopy and imaging applications, 15 N-labelling of the nitroxide affords higher sensitivity thanks to the reduced spectral multiplicity (2I+1 lines, with nuclear spins I( 15 N) = 1/2 vs. I( 14 N) = 1); however 15 N-sources are very expensive, making efficient synthetic routes with late introduction of the nitrogen atom even more crucial. Several pathways for the synthesis of tetraethyl nitroxides already exist, but they are not without drawbacks. The methods developed by the Utsumi group and based on intermediates 7 and 8 (Fig. 1) suffer from low and unreliable yields while the introduction of the nitrogen atom occurs in the first steps of the synthesis, making the target compound very expensive. 14,19,27 Alternative strategies through symmetric dienone 9, initially proposed by the Studer group, 28 allow introduction of the nitrogen at a late stage of the synthesis (Fig. 1). However, these authors later dismissed their own pathway on the grounds of low yields, before going back to synthetic routes involving intermediate 7. 29 More recently, the Arimoto group successfully prepared several grams of 15 N-labelled nitroxide 2 via dienone intermediate 9, 22 but their procedure requires specific equipment to perform a Meyer-Schuster rearrangement under elevated CO2 pressure. This key step is highly sensitive to the reaction conditions 30 and difficult to reproduce.

Herein, we propose a new synthetic route for obtaining piperidine-based nitroxides through dienone derivative 9, relying only on common reagents and laboratory equipment for organic synthesis. A set of tetraethyl-substituted piperidine nitroxides with potentially different abilities to cross cell membranes was prepared in view of biological applications and their resistance against reduction by ascorbate was assessed. Scheme 1. 2,2,6,6-Tetraethylpiperidin-4-one 1 as a key intermediate in the synthesis of tetraethylsubstituted nitroxides based on piperidine 2, pyrrolidine 4, and pyrroline 6 according to the literature. 15,[23][24][25][26] [O] = oxidation, R = H or alkyl group. 

Results and Discussion

Our initial plan was to create the carbon backbone of dienone 9 and to introduce four ethyl groups in one step by submitting dioxolane-protected diethyl 3-oxoglutarate to a Grignard reaction with ethylmagnesium bromide. Despite several attempts, this strategy was unsuccessful, presumably due to steric reasons, even though similar examples exist in the literature. 31 We therefore had to proceed via a stepwise route.

Our synthetic route towards 2,2,6,6-tetraethylpiperidin-4-one 1 is presented in Scheme 2. First, the 1,3-dianion of ethyl acetoacetate generated by deprotonation with two equivalents of freshly prepared lithium diisopropylamide at -50 °C in tetrahydrofuran. When one equivalent of 3pentanone was added, regioselective addition of the terminal carbon of the dianion to the ketone provided δ-hydroxy-β-keto ester 11 in 68% yield, comparable to similar examples in the literature. 32 Compound 12 was then obtained by reducing 11 with sodium borohydride (NaBH4). NaBH4 is used commonly for converting ketones and aldehydes to alcohols, whereas esters are usually stable under the typical reaction conditions. However, when neighboring functional groups such as oxo, hydroxyl, or carboxylic acids are present, sodium borohydride can reduce esters to alcohols. 33 Indeed, when we attempted the reduction of the keto group of compound 11 using typical conditions with several equivalents of sodium borohydride in methanol at room temperature, a significant amount of ester was also reduced to give the corresponding triol. It is likely that NaBH4 partially reacts with methanol and the hydroxyl groups in compound 11 to form a trialkylborate 32 that acts as a Lewis acid, activates the ester group, and facilitates its reduction, as illustrated by structures 11a and 12a in Figure 2. It has been reported 32 that performing the reduction in tetrahydrofuran at a concentration of NaBH4 (0.2 M) prevents reduction of the ester functional group. In our hands, however, although the ester group was not reduced, the reaction was not complete even after several days. It seems that the reduction of the keto group is also accelerated by formation of complex 11a (Fig. 2) and is thus very slow in its absence. Finally, a compromise was found by performing the reaction in a mixture of tetrahydrofuran and methanol at 0 °C with 0.5 M NaBH4. The conversion was complete after a few hours with little side product formation. The crude product was thus used in the next step without purification.

Direct Grignard reaction on diol 12 was prevented, presumably due to a negative charge close to the reactive ester functional group. Our next move was thus to prepare the isopropylidene ketal of diol 12. The typical procedure involves dissolving the substrate, in this case diol 12, in 2,2dimethoxypropane and stirring with a catalytic amount of p-toluenesulfonic acid. Unfortunately, after several trials, only a low yield (< 20%) of ketal 17 was isolated (Fig. 3). Various attempts at changing the solvent or the reagent (to either 2-methoxypropene or acetone in the presence of dehydrating agents such as aluminum chloride, trimethylsilyl chloride, or molecular sieves) failed to increase the yield. Therefore, benzylidene acetal protection was tested instead. Diol 12 was reacted with ten equivalents of benzaldehyde dimethyl acetal in dry dichloromethane and a catalytic amount of ptoluenesulfonic acid. After stirring at 22 °C for twenty-four hours, acetal 13 was isolated by column chromatography in an approximately 70% yield (calculated from the 1 H NMR spectra). Steric effects can explain the unsuccessful acetonide protection shown in Figure 3. In the case of six-membered cyclic ketal 17, 1,3-diaxial interactions destabilize the structure, while such steric strain is absent in the preferred conformation of the major diastereomer 13a. Determining the exact ratio of 13a and 13b in the product by 1 H NMR was not straightforward due to overlapping signals.

Transformation of ester 13 to tertiary alcohol 14 proceeded smoothly under the typical conditions for the addition of two equivalents of Grignard reagent to an ester. Ester 13 was added to a solution of ethylmagnesium bromide in tetrahydrofuran at 0 °C. After stirring at 22 °C for three hours, the conversion was complete, to afford tertiary alcohol 14 in 83% yield. The carbon skeleton of the target compound was now installed. As compound 14 was poorly soluble in water, a mixture of ethanol and 3 M aqueous hydrochloric acid was used for acid catalyzed hydrolysis of the benzylidene protecting © 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ 5/8 group. After several hours, the conversion was completed to give triol 15 that was used in the next step without purification.

Next, we tried to oxidize the secondary hydroxyl group in triol 15 using a mild oxidizing agent, Dess-Martin periodinane in dichloromethane. To our surprise, no reaction was observed, even after increasing the amount of periodinane and the reaction time. Oxidation of alcohols by Dess-Martin periodinane occurs through the initial substitution of one acetate by the hydroxyl group of the alcohol to be oxidized. The carbon atom bearing the hydroxyl group loses a proton and the electron pair forms a carbonyl π-bond; at the same time, the electron pair of the coordination bond is accepted by iodine with simultaneous loss of another acetate. In the case of triol 15, it is possible that all three acetates are substituted by hydroxyl groups of the triol forming stable complex 15a and essentially prevents oxidation (Fig. 4). The secondary hydroxyl group of triol 15 was successfully oxidized using Jones reagent. Two equivalents of chromium trioxide were added at 0 °C and stirred for two hours to achieve full conversion. The desired β-dihydroxy ketone 16 was purified by column chromatography, and isolated in 48% yield over two steps. Double dehydration was achieved by heating β-dihydroxy ketone 16 at reflux in chloroform with a catalytic amount of concentrated sulfuric acid. A mixture of dienone 9 and isomerized β,γ-unsaturated ketones 9b was obtained and used in the next step without purification. The ring closure by double Michael addition was performed following the protocol by Wetter and coworkers. 28 Piperidinone 1 was purified by column chromatography and isolated in 29% yield over two steps, comparable to yields reported in the literature. 28 With the intention to prepare a set of nitroxides for biological applications with potentially different abilities to cross cell membranes, we decided to prepare the 4-carboxy-analogue 20 and the corresponding acetoxymethoxy derivative 21 (Scheme 3). Compound 20 is expected to be negatively charged at physiological pH and unable to cross cell membranes, while incorporation of an esterasesensitive acetoxymethoxy group is a well-established strategy to achieve intracellular accumulation of nitroxides. 34,35 Nitroxides 2 and 18 have been described as blood-brain-barrier permeant, 19,22 and were prepared as references.

Nitroxide 2 was obtained in 75% yield from piperidinone 1 following the procedure by Kinoshita and co-workers 14 with slight modifications (Scheme 3). Treatment of compound 2 with sodium borohydride afforded nitroxide 18 in 91% yield (Scheme 3). Following a procedure described for tetramethyl analogues, 36 the keto group of compound 2 was converted to nitrile 19 using the Van Leusen reaction. Then, nitroxide 20 was obtained by base-catalyzed hydrolysis of the nitrile function in 19 (56% yield over two steps after purification by column chromatography on silica). The acetoxymethoxy derivative of compound 20 was prepared according to literature procedures 35 by nucleophilic substitution on bromomethyl acetate with the carboxylate anion of compound 20 (Scheme 3). Compound 21 was isolated in 60% yield after purification. We then examined the stability of the synthesized nitroxides against reduction with sodium ascorbate using a previously described stopped-flow/EPR setup. 37 This reaction is extensively used for evaluation of the stability of newly synthesized nitroxides for in vivo applications because the stability against reduction by ascorbate correlates well with their in vivo stability. 38 Table 1 lists the initial second-order rate constants (k0) for the reaction between ascorbate and the nitroxide radicals. Measured reduction rates for nitroxides 2 and 18 were compatible with results from the literature, 39 while nitroxide 20 demonstrated increased stability. A similar behavior has previously been reported for tetramethyl nitroxides and tetraethyl pyrrolidine nitroxides and was attributed to electrostatic repulsion between the carboxylate and the ascorbate monoanion at physiological pH. 7,9,18 These results suggest that it should be feasible to load cells with high concentrations of compound 20 via incubation with its esterase-hydrolysable derivative 21. Biological assays of the present nitroxides are currently underway. To summarize, we have described preliminary results regarding a new synthetic pathway for obtaining 2,2,6,6-tetraethylpiperidin-4-one 1, a key intermediate in the synthesis of tetraethylsubstituted nitroxides. This procedure relies on the already established strategy through dienone 9, thereby allowing a late-stage introduction of the nitrogen atom in the structure and a more cost- © 2020. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ 7/8 effective preparation of 15 N-labelled nitroxide probes for enhanced EPR sensitivity. The overall unoptimized yield of piperidinone 1 is 3% over eight steps from ethyl acetoacetate 10. The principal advantages of the present protocol are the use of common and reliable reactions and the avoidance of expensive equipment for organic synthesis.

Figure 1 .

 1 Figure 1. Key intermediates in the synthesis of tetraethyl nitroxides.

Scheme 2 .

 2 Scheme 2. Synthesis of 2,2,6,6-tetraethylpiperidin-4-one. Reagents and conditions: (a) LDA (2 eq.), THF, -50 °C, 1 h; (b) 3-pentanone (1 eq.), THF, -50 °C, 3 h, 68% over two steps; (c) NaBH4 (2.5 eq.), MeOH/THF (1:3), 0 °C; (d) benzaldehyde dimethyl acetal (10 eq.), PTSA (cat.), CH2Cl2, 22 °C, overnight, 43% over two steps; (e) EtMgBr (8 eq.), THF, 83%; (f) 3 M HCl, EtOH, 22 °C, 16 h; (g) Jones reagent (2 eq.), acetone, 48% over two steps; (h) conc. H2SO4, CHCl3, 1.5 h; (i) NH3, EtOH, 50 °C, 3 days, 29% over two steps. cat. = catalytic, conc. = concentrated, LDA = lithium diisopropylamide, PTSA, ptoluenesulfonic acid, THF = tetrahydrofuran.

Figure 2 .

 2 Figure 2. Reduction of compound 11 and eventually 12 by NaBH4 could be facilitated by the formation of borate complexes 11a and 12a.

Figure 3 .

 3 Figure 3. Influence of steric hindrance on the protection of diol 12.

Figure 4 .

 4 Figure 4. Possible formation of stable complex 15a preventing the oxidation of 15 by Dess-Martin periodinane.

Scheme 3 .

 3 Scheme 3. Synthesis of tetraethyl-substituted piperidine nitroxides 2, 18, 20, and 21 from piperidone 1. Reagents and conditions: (a) Na2WO4, 50% H2O2, EtOH, 75%; (b) NaBH4, MeOH, 22 °C, 24 h, 91%; (c) tosylmethyl isocyanide, KOtBu, tBuOH/DME; (d) Ba(OH)2, NaOH, H2O, reflux, 24 h, 56% over two steps; (e) bromomethyl acetate, K2CO3, DMSO, 22 °C, 2 h, 60%. DME = dimethoxyethane, Tos = tosyl.
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Table 1 .

 1 Second-order rate constants (k0) for the reaction of various nitroxide radicals with sodium ascorbate extracted from initial reaction rates a or from the literature.

	Nitroxide	k0 (s -1 M -1 )	Source
	2	0.047 ± 0.009	This work
		0.066 ± 0.001	Jagtap and co-workers 39
	18	0.043 ± 0.017	This work
		0.058 ± 0.002	Jagtap and co-workers 39
	20	0.021 ± 0.003	This work
	a Rates were measured at 21 °C in sodium phosphate buffer (0.1 M, pH 7.4) containing 1 mM
	diethylenetriaminetetraacetic acid (DTPA).	
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