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Introduction

The quest for molecular diversity in drug discovery is still ongoing, with the exploration of only a fraction of the available chemical and biological space. [1] As a result, the pharmaceutical industry continues to search for innovative methods and unique scaffolds to expand this chemical space and generate innovative compounds with improved activities and good ADME-Tox profiles. In the past decades, diversity has been developed through the wide spread use of nitrogen and oxygen Csp 3 -rich saturated heterocycles. This contributes to an additional 3D molecular shape, and has been shown to favorably influence certain pharmacokinetic properties. [2] It is now recognized that the presence of quaternary carbon centers and a higher fraction of sp 3 carbons (Fsp 3 ) are advantageous in the discovery of new drugs. [3] The incorporation of spirocycles in biologically relevant compounds adds an additional level of molecular complexity and diversity favorable for this process. [4] Spirocycles are characterized by the presence of a fully substituted sp 3 carbon which defines a well-organized three-dimensional (3D) orthogonal structure. In addition, their increased Csp 3 count also make them interesting candidates for early lead and drug optimization, as well as fragment based drug design. [5] In particular, N-heterospirocycles allow additional functionalization along well-defined axes, which increases the potential for fragment growth in multiple directions. [6] To date, and despite an increasing number of spirocyclic drugs (Figure 1), [4a] the synthesis of these compounds with heteroatoms directly attached to the spirocyclic carbon remains challenging. In our recent work, we have developed a gold-(I) catalyzed cyclization reaction which gives access to a variety of N-and O-heterospirocycles starting from tertiary alcohols and the corresponding protected amines. [7] Herein we have extended this methodology to the preparation of polyfunctional aza-spirocycles A (Figure 2). These chemical "building blocks" can then be orthogonally deprotected for functionalization or incorporation into medicinal chemistry scaffolds. In addition, the presence of a halogen atom on several of the newly designed spirocyclic compounds led us to perform an intramolecular Mizoroki-Heck reaction giving access to original tetracyclic structures B. This is a further contribution to the expansion of the spirocyclic chemical space. [8] 

Results and Discussion

We first prepared epoxide 1 from commercially available 1-(benzyloxy carbonyl)-4-piperidinone. [7] Selective ring opening with N-methylpropargyl amine in ethanol at 25 °C gave compound 2 in 93% yield (Scheme 1). Using the same conditions with propargyl amine gave the desired alkyne derivative 3 in 82% yield, but with a reaction time of 3 days. This epoxide opening was optimized under microwave irradiation using an excess of propargyl amine in the presence of LiCl to give 3 in a 92% optimized yield in only 30 minutes. Standard sulfonylation, acylation or benzoylation of the secondary propargyl amine then completed the library of precursors 4-20 (all new compounds are described in the SI).

Scheme 1. Preparation of acyl and sulfonyl precursors. Surprisingly, our first attempts at cyclization were unsuccessful using our previously reported conditions (Scheme 2). No spirocycle was detected with the unprotected amine 3 and a complex mixture of products was obtained with a simple methyl substitution (2, R = CH3).

Scheme 2. First attempted cyclization reactions.

Fortunately, the use of sulfonyl precursors 4-8 met with greater success (Table 1). When the newly prepared precursors containing a methanesulfonyl (Ms), benzenesulfonyl, p-toluenesulfonyl (Ts) amide group in the starting substrate underwent cyclization, the endocyclic product was observed in excellent yields (21-23). Nevertheless, this behavior was not systematic, as the presence of a highly deactivating 4nitrobenzenesulfonyl (nosyl) group had a strong influence on cyclization. The 1 H NMR of the crude reaction mixture after 5 minutes of microwave irradiation showed incomplete conversion and exclusive formation of an exocyclic double bond. As observed in our first study, total isomerization to an endocyclic double bond adduct is possible in the presence of 10 mol% PTSA.H2O. Thus, the direct addition of the acid at the beginning of the reaction gave the spirocycle 24 in only 5 minutes and 92% yield as the exclusive reaction product. The same behavior was observed during the reaction leading to 25, which was formed in an excellent 95% yield. Cyclization on a larger scale (13.0 mmol) was equally successful, and we isolated compound 23 in a 77% yield.

Table 1. Sulfonylated spirocycles.

[a] Yields of isolated products are given. [b] 10 mol % PTSA.H2O was added for complete conversion to the endocyclic double bond.

A last sulfonated derivative was prepared to prove that the cyclization preserved asymmetry and was compatible with commonly used acid labile Oprotecting groups. We synthesized derivative 26 from quinic acid (see SI for preparation) and cyclization afforded the desired spirocycle 27 in an excellent 90% yield (Scheme 3). Scheme 3. Cyclization with a protected quinic acid derivative.

Because the reaction worked well with sulfonamides, we then extended our methodology to regular amides, as this functional group is slightly less robust. Cyclization with the acetyl derivative gave only traces of the desired product 28 whereas with a trifluoroacetyl or a benzoyl group, the reaction occurred without difficulty, and the desired products were obtained in excellent yields (92% quantitative). The fleeting nature of the exocyclic product and the need to either eliminate the unreacted starting material or separate the double bond isomers lead us to systematically add a catalytic amount of acid to the reaction mixture before irradiation with these substrates. Interestingly, the presence of the amide group led to a systematic mixture of two conformations (40/60). A 1 H NMR experiment at 80 °C (DMSO-d6) was performed with the spirocycle 29, but no signal coalescence was detected due certainly to an unattainable high-energy barrier at our limiting temperature. To finish this part of our study, cyclization to give compound 38 was successfully performed on a 1.0 mmol reaction scale in an excellent 98 % yield.

Table 2. Acylated spirocycles.

[a] Yields of isolated products are given; [b] spirocycle detected as 2 conformations in a ~40/60 ratio from 1 H NMR spectra.

During our investigation, a limit to our reaction was reached with the alkyne derivative 20 (Scheme 4). The presence of the heteroaromatic NH group favored a second intramolecular cyclization pathway between the pyrrole and the alkyne. The enhanced reactivity of the nitrogen atom combined with the formation of a completely conjugated heterocycle were all factors in favor of this pathway, which gave compound 40 in a nearly quantitative yield.

Scheme 4. Intramolecular cyclization of the pyrazole ring

With compounds 31-38 in hand, and the simultaneous presence of a halogen atom and a double bond, we sought to increase molecular diversity through an intramolecular Mizoroki-Heck reaction. Using the microwave conditions described by Trabocchi et al., [9] several tetracyclic spirocycles were prepared in excellent yields (Table 3). The best results were observed with iodine containing substrates. The brominated analog 37 gave poor yields, and the chlorinated derivative 38 was unreactive with a full recovery of the starting material. According to the reaction mechanism, syn -hydride elimination in the last step should have given an exocyclic double bond. Nonetheless, all of the observed products had only an endocyclic one, indicating a spontaneous bond migration to give the favored conjugated product. The reaction was also tried with the corresponding sulfonate derivative 25, but the reaction was unsuccessful. We hypothesize that the SO2 group did not have the necessary spatial orientation for cyclization to occur.

Table 3. Intramolecular Mizoroki-Heck reaction.

[a] Yields of isolated products are given.

Our next objective was to further functionalize the obtained spirocycles through double bond reduction and selective deprotection of the amino groups. Generating the free amines would allow us to incorporate these compounds into biologically relevant scaffolds. Because of their enamine character and the potential instability of the unsaturated deprotected amine intermediate, we first explored double bond reduction. When compound 23 was subjected to classical reduction methods no reduction was observed (Pt/C or Pd/C, H2 (50 bars); Pd(OAc)2, XantPhos, HCOOH, 90 °C)

If a first attempt at ionic reduction with triethylsilane/ trifluoroacetic acid [10] was unsuccessful (Table 4, entry 1), we found that increasing the triethylsilane to 22.0 equiv. in a mixture of TFA/DCM (50/50) gave successful reduction with no amine deprotection. In a first small scale reaction (0.2 mmol), the desired spiromorpholine 46 was obtained in 76 % yield (entry 2). Performing the reaction on a larger scale with an increase in concentration was beneficial to the product yield. We thus obtained 81 % of compound 46 when the reaction was carried out on a 5.0 mmol scale (entry 3), and an 87 % yield on a 10 mmol scale (entry 4). This reaction was however capricious when applied to other amide derivatives (29 and 30) (Table 5) as no reaction occurred. We observed partial degradation and recovery of the starting material in spite of different optimization attempts. Reduction of the double bond in derivative 38 proved to be more successful. The saturated derivative 47 was isolated in good yield (83%) with an optimized reaction concentration of 0.04 M on a small or medium scale (2.7 mmol). A slow addition of TFA and an increase in reaction time to 24 h was necessary for complete conversion. We then performed a selective removal of the carbobenzyloxy (Cbz) group by hydrogenation in the presence of palladium chloride in excellent yield for both substrates (Scheme 5). Removal of the tosyl group in the presence of the Cbz protected nitrogen was unsuccessful whatever the method used. Nevertheless, the required orthogonality leading to the spiromorpholine moiety was found with the saturated spirocycle 47. The successful cleavage of the acyl group (2-ClBz) was performed with lithium triethylborohydride [11] to give compound 50 in 67 % yield with no loss of the carbamate function.

Scheme 5. Nitrogen protecting group manipulation

As our ultimate goal was to design biologically active spirocyclic molecules, the aza-spirocycle was integrated into one of our on-going medicinal chemistry research projects for kinase inhibition. The hydrochloride salt 48 was reacted with the aromatic chloride 51 [12] to give the 4-amino pyrrolopyrimidine 52 in a 95% optimized yield (Scheme 6). Reductive removal of the tosyl group was then possible in the presence of sodium/naphthalene salt, to give the free amine 53 in 52% yield. Urea formation leading to the final products followed a two-step process, activation of the desired aniline with 4-nitrochlorofomate, followed by reaction with the spirocycle 53 to give the desired products (56 and 57) in a modest 31% yield.

Scheme 6. Synthesis of potential Lim kinase inhibitors.

Inhibition tests against Lim kinases (LIMK) were performed with derivatives 56 and 57. IC50 values of 197 and 87 nM were obtained respectively for the two compounds, and clearly showed the favorable interactions of both molecules with the LIMK1 catalytic pocket. This encouraging result for designing other spirocyclic LIMK1 inhibitors was reinforced by the impressive selectivity observed for these two compounds against the parent enzyme ROCK 1 (% inhibition at 10 M = 13 and respectively) and ROCK 2 (% inhibition at 10 M = 3 and 2 respectively).

Conclusion

In conclusion, our goal of generating molecular diversity was achieved through the synthesis of 22 new aza-spirocycles via the high yielding gold catalyzed cyclization of tertiary alcohols with terminal alkynes. The reaction was carried out with low catalyst loading under microwave irradiation to give both sulfonylated and acylated spirocyclic nitrogen derivatives. The spirocyclization reaction could be performed on several different scales, on micromolar amounts up to 13 mmol in good to excellent yields. Increased molecular diversity was achieved through an intramolecular Mizoroki-Heck reaction to give five new tricyclic spirocycles. Double bond reduction and selective protecting group manipulation were successfully explored, with reduction being carried out on up to 10 mmol of the starting material. Selective deprotection led to two different reactive sites i.e. the nitrogen of the spiropiperazine and that of the spiromorpholine. With this orthogonal sequence in hand, we then successfully prepared the first selective spirocyclic inhibitors of LIMK1 thus opening up an opportunity for the continuation of this work in a medicinal chemistry program.

Experimental Section

General procedure for the gold-(I) catalyzed cyclization reaction: To a solution of the substrate (1.00 equiv.) in anhydrous 1,2-dichloroethane (C = 0.06 M) under argon, were added 4 Å molecular sieves and JohnPhosAu-(CH3CN)SbF6 (0.025 equiv.). The mixture was then irradiated in a microwave oven at 120 °C for 5 min. After completion, the reaction was filtered over diatomaceous earth, the solvent was removed under reduced pressure, and the residue was purified by silica gel column chromatography. In the modified cyclization reaction PTSA.H2O (0.10 equiv.) was added before microwave irradiation.

Figure 1 .

 1 Figure 1. Examples of approved and late clinical trial spirocyclic drugs.

Figure 2 .

 2 Figure 2. Previous work (a) and this work (b) giving access to new aza-spirocycles (A and B).

Table 4 .

 4 Optimization of double bond reduction of the sulfonylamide derivative 23. yield. b) Nr: no reaction, recovered starting material.

Table 5 .

 5 Double bond reduction a) Nr : No reaction.
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