Rapid syntheses of (−)-FR901483 and (+)-TAN1251C enabled by complexity-generating photocatalytic olefin hydroaminoalkylation
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Abstract: We report a common strategy to facilitate the syntheses of the polycyclic alkaloids (−)-FR901483 (1) and (+)-TAN1251C (2). A divergent synthetic strategy provides access both natural products through a pivotal spirolactam intermediate (3), which can be accessed on a gram-scale. A photocatalytic olefin hydroaminoalkylation brings together three readily available building blocks and forges the majority of the carbon framework present in 1 and 2 in a single operation, leading to concise total syntheses. The complexity-generating photocatalytic process also provides direct access to novel non-racemic spirolactam scaffolds that are likely to be of interest to early-stage drug discovery programs.
[bookmark: _Hlk16688624]Nitrogen-containing spirocyclic scaffolds are common structural features in many pharmaceutical candidates and biologically-active alkaloid natural products.[1] The rigidity of these spirocyclic frameworks helps to project polar functionality in well-defined orientations, which can facilitate interactions made with a protein receptor site and often accounts for their potent bioactive properties. Displaying a distinct type of amino-substituted aza-spirocyclic framework, (−)-FR901483[2] (1) and (+)-TAN1251C[3] (2) are biosynthetically related di-tyrosine-derived alkaloids,[4] which have attracted significant attention from the synthetic community by virtue of their biological activity and the challenges posed by their relatively small but architecturally complex structures (Figure 1a).  FR901483 was first isolated from the fermentation broth of Cladobotryum sp. No. 11231 by Fujisawa Pharmaceutical Co. in 1996[2] and exhibited exceedingly potent immunosuppressant activity (>100 times more active than cyclosporine).[5] As a result, much effort has been invested into the development of step-economic and scalable syntheses of FR901483 as a potential therapeutic lead for the treatment of arthritis, Crohn’s disease and organ transplant rejection. The TAN1251 family of natural products, first isolated by Takeda in 1991,[3] show potent bioactivity as muscarinic antagonists with potential applications as antispasmodic and antiulcer agents. Despite a number of elegant and inventive syntheses of  FR901483[6-15] and the TAN1251 alkaloids,[8,16-23]  the concise and efficient construction of the amino-substituted aza-spirocyclic scaffold of these natural products remains a formidable synthetic challenge.[24-25]

 
Figure 1. Strategy for the synthesis of (–)-FR901483, (+)-TAN1251C and related aza-spirocyclic scaffolds.
Many syntheses of (−)-FR901483 and (+)-TAN1251C stem from strategies founded on biomimetic oxidative dearomatization of di-tyrosine derivatives. In contrast, we focused on disconnections between the C6–C7[6,11] in (−)-FR901483, and between amino group at the C2 position (N2) and C6 in (+)-TAN1251C[11,17] to reveal novel spirolactam 3. In turn, we questioned whether a tyrosine amino ester, a cyclohexadione derivative and a non-racemic dehydroalanine derivative could be combined through a variation of the visible light-mediated photocatalytic olefin hydroaminoalkylation process that was recently developed in our laboratory.[26] This methodology exploits the reaction of α-amino radicals, generated by single electron reduction of all-


Figure 2. Synthesis of key precursor spirolactam 3 and proposed mechanism.

alkyl iminium ions, with activated alkene acceptors. Not only could this technology provide a valuable precursor for the synthesis of 1 and 2, but we envisaged that this modular process could be utilized for the rapid assembly of a vast number of pharmaceutically privileged, chiral 3-amino-1-azaspiro[4.5]decane core fragments (Figure 1b), which are likely to be of interest for drug discovery programs.
While our previous work demonstrated an effective coupling for the reductive union of aldehyde, secondary amine and alkene acceptors, the corresponding reaction between ketones and secondary amines required a stepwise approach. The requisite tetra-alkyl iminium ion required generation in situ by protonation of a preformed enamine, which, itself, required prior condensation of a secondary amines and ketone under Dean-Stark conditions. As part of a streamlined strategy, our synthesis plan not only required successful deployment of a previously unexplored primary amine in the photocatalytic olefin hydroaminoalkylation, but ideally, would enable direct in situ iminium ion formation and also affect a post-coupling cyclization of the incipient secondary amine product to form the desired spirolactam intermediate (3).
Herein, we report the successful realization of this idea through the development of a modular strategy for the total syntheses of (−)-FR901483 and (+)-TAN1251C. The construction of an amino-substituted azaspirocycle, common to both natural products, can be achieved in a single ‘one-pot’ process via a photocatalytic olefin hydroaminoalkylation using 
readily available and commercial building blocks. Beyond completion of the syntheses of 1 and 2, we also demonstrate how this photocatalytic olefin hydroaminoalkylation can provide the basis for a general platform to access functionally diverse non-racemic spirocyclic lactams on gram-scale from primary amines and cyclic ketone feedstocks.
In contrast to our previous studies, wherein single electron reduction of an activated iminium ion facilitated the formation of the putative N-tertiary -amino radicals, the use of a primary amine would generate a neutral imine that may not be sufficiently reactive for the reductive coupling process. Accordingly, employing our reaction original conditions with the primary amine coupling partner led to very low conversions to the desired product.  However, we were delighted to find that, in the presence of a catalytic amount of trifluoroacetic acid (TFA), the union of L-tyrosine methyl ester (4), 1,4-cyclohexanedione monoethylene acetal 5 and dehydroalanine derivative 6[27] was readily achieved by visible light irradiation (40 W blue LED light for 2 h) of a dichloromethane solution containing these coupling partners in the presence of activated molecular sieves, 1 mol% fac-Ir(ppy)3 (ppy, 2-phenylpyridinato) and Hantzsch ester (7). Subsequent treatment of the reaction mixture with aqueous acid yielded the 


Scheme 1. Total synthesis of (−)-FR901483. (a) total yield of aldol products 79% (2 steps from 11), for characterization of all aldol products, see SI. (DIPEA: N,N-Diisopropylethylamine; DIAD: diisopropyl azodicarboxylate).

desired spirolactam precursor 3 in 73% yield on gram-scale, following a simple filtration as the only purification step (Figure 2).
It seems most likely that TFA protonates the incipient imine and the resulting iminium ion undergoes single electron reduction to form the N-secondary -amino radical. A plausible pathway for the photocatalysis begins with visible-light excitation of the photocatalyst to the excited triplet state *Ir(III) species; reductive quenching with Hantzsch ester (7) furnishes the corresponding radical cation 7’ and the highly reducing [Ir(II)(ppy3)]– species (Ir(III)/Ir(II), E1/2red = −2.19 V versus SCE in acetonitrile),[28] which engages the iminium ion Int-I through a single electron reduction. The resulting N-secondary α-amino radical Int-II undergoes addition to the alkene 6 resulting in the stabilized α-carbonyl radical species Int-III. Diastereoselective hydrogen atom transfer from Hantzsch ester radical cation 7’ occurs from the least-hindered face to afford the lactone product 8 (see supporting information for details).[29,30] Finally, acid-mediated cyclization forms the desired spirolactam 3 without erosion of stereochemical integrity at the C2 position.
With a concise method to produce gram quantities of spirolactam 3 in hand, we next turned our attention to the synthesis of (−)-FR901483 (1) (Scheme 1). The synthesis commenced with the O-methylation of the phenol group in 3, furnishing ether 9, followed by exhaustive reduction of the ester, ketone, lactam, and benzyl carbamate motifs with excess LiAlH4, furnishing amino-diol 10 in good overall yield. Protection of the secondary amine function in 10 as its benzyl carbamate (to 11) was followed by a modified Swern oxidation[7] to achieve the simultaneous oxidation of the 1˚ and 2˚ alcohols in 11, which gave keto-aldehyde 12 and was amenable to operation on a gram-scale. Completion of the tricyclic framework, via intramolecular aldol reaction, was investigated initially using previously reported condition for similar C6–C7 bond constructions in other syntheses.[6-8, 31] 
[image: ]
Scheme 2. Total synthesis of (+)-TAN1251C (AZADO: 2-azaadamantane-N-oxyl; bpy: 2,2′-bipyridine; DMAP: 4-dimethylaminopyridine). 


Figure 3. Scope of chiral amino-spirolactam products and synthesis of natural product analogue 21.

Ultimately, we found the use of sodium methoxide in methanol, similar to Snider’s protocol,[6] were the most suitable, affording 30% yield of the desired aldol product 13 alongside other diastereomers (see supporting information for full details of this study). While the selectivity of the aldol process could not be increased over ratios previously reported in the literature for similar scaffolds (a 7.3:1 diastereoselectivity has been previously reported),[6-8] we were able to isolate and characterize two of the remaining diastereomers of hydroxy ketone 13, which could offer future opportunities for the synthesis of epimers of the natural product (see supporting information). Access to the desired C8 axial alcohol was achieved hydroxyl-assisted delivery of the hydride from the from the convex face of the tricyclic hydroxyl-ketone 13, using L-selectride, to afford a single (equatorial) epimer of alcohol 14 in 77% yield. 
Inversion of the C8 carbinol with concomitant installation of the phosphate ester was achieved via Mitsunobu reaction with dibenzyl phosphate 14, according to the procedure of Sorensen.[7] Finally, palladium catalyzed hydrogenolysis of the dibenzyl phosphate ester and benzyl carbamate in 15, coupled with the addition of hydrochloric acid, completed a concise synthesis of (−)-FR901483 (1), as its HCl salt, in 85% yield.
With a synthesis of (–)-1 in hand, we turned our attention to exploring the divergence of the synthetic strategy, which would convert key spirolactam 3 into the diazatricyclic (+)-TAN1251C. The synthesis began with O-prenylation of phenol 3, followed by global reduction of the ester, ketone, lactam and benzyl carbamate functions in 16 with excess LiAlH4, to give 17 in 80% yield (Scheme 2), similar to the related step in the (−)-FR901483 synthesis.
We envisaged that the synthesis of (+)-TAN1251C could be directly achieved from amino diol 17. Simultaneous oxidation of both the 1˚ and 2˚ alcohols to the corresponding keto-aldehyde should facilitate an intramolecular condensation, which after tautomerization would furnish (+)-TAN1251C (2). We anticipated two challenges that may preclude the successful realization of this tactic: firstly, the oxidation step may not be compatible with the presence of the free(NH)-methylamine motif required for the condensation; and secondly, that the intermediate keto-aldehyde may undergo competitive intramolecular aldol reaction, as exploited in the synthesis of (−)-FR901483. Initial attempts employing Omura-Sharma-Swern[32] oxidation followed by basic hydrolysis of the (in situ generated) trifluoroacetamide, as reported by Snider and co-workers,[6] failed to give satisfactory results, likely due to an aldol cyclization occurring during the basic work-up.[8] Oxidation with Dess-Martin-Periodinane or catalytic tetrapropylammonium perruthenate (TPAP) led to significant decomposition of the starting materials. Ultimately, we found that direct oxidation-condensation could be achieved using an AZADO/copper-mediated aerobic oxidation developed by Iwabuchi,[33] completing the total synthesis of (+)-TAN1251C (2) in a single step from 17. Underlining the utility of this divergent approach, the photocatalytic olefin hydroaminoalkylation allowed for the rapid assembly of a unique spirolactam (3), which enabled the concise and stereocontrolled synthesis of both (−)-FR901483 (1) and (+)-TAN1251C (2) in a common fashion, with the longest linear sequences encompassing 12 steps for 1, and 7 steps for 2 (total number of steps to 1 and 2 is 12 and 7 respectively). Both routes are significantly shorter than previous enantioselective syntheses of (−)-FR901483 (1) and (+)-TAN1251C (2).25
Beyond its use in total synthesis, we recognized that the multi-component nature of this complexity-generating tandem photocatalytic hydroaminoalkylation–cyclization methodology could be useful for the rapid stereocontrolled synthesis of a variety of chiral spirolactams by exploiting combinations of readily available ketones and primary amines. Indeed, a selection of primary amines (Figure 3, 18a-18f) proved effective coupling partners, with the reaction accommodating the presence of range of useful functional groups. A less-nucleophilic substituted aniline was also compatible with the reaction, giving access to N-aryl spirolactams (18e) in good yield, significantly broadening the scope of potentially available products. Pleasingly, a number of ketones also proved amenable to coupling reaction, further demonstrating the capacity of this strategy by incorporating thianes (18g), protected piperidines (18h), and alkyl- & fluoro-substituted cyclohexane motifs (18i and 18k) into the spirolactam products.
The modular nature of the multicomponent photocatalytic coupling potentially facilitates rapid synthetic access to analogues of TAN1251C. Towards this, we found that geminal difluoro-analogue of TAN1251C 21 could be readily assembled following the same synthetic route starting from the commercial ketone, 4,4-difluorocyclohexane. The photocatalytic olefin hydroaminoalkylation smoothly afforded spirolactam 18k, which could be advanced to the TAN125C analogue in three further steps and good overall yield, thereby demonstrating the suitability of this methodology for the preparation of enantioenriched complex small molecule scaffolds.
In conclusion, we report a highly modular multicomponent photocatalytic hydroaminoalkylation approach for the synthesis of the complex amino-substituted azaspirocycle-containing natural products, (−)-FR901483 (1) and (+)-TAN1251C (2). The protocol allowed access to a key spirolactam precursor, which can be advanced rapidly, through a divergent synthetic strategy, to the natural products. Due to its ease of operation and availability of starting materials, we envision this new technology will provide access to molecules that will be attractive as "lead-like" structures based on the versatile 3-amino-1-azaspiro[4.5]decane scaffold.
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