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Editorial on the Research Topic 
Recent advances in synthesizing and utilizing nitrogen-containing heterocycles


Exploring the vast landscape of nitrogen-containing heterocycles, commonly known as aza-heterocycles, reveals their ubiquitous presence in natural products, pharmaceuticals, agrochemicals, and functional materials. Consequently, synthesizing these compounds has garnered significant attention, driven by the need to develop more efficient methods for their preparation and utilization as versatile building blocks. The importance of nitrogen-containing heterocycles has increased due to their expanding role as ligands in transition-metal catalysis and organocatalysis. Despite extensive studies into their synthesis and applications, ongoing demand remains for more efficient and general preparation methods to diversify the structural backbones and improve their biological activities. Moreover, their usage as ligands and catalysts is continuously being investigated in various chemical reactions.
This Research Topic, “Recent Advances in Synthesizing and Utilizing Nitrogen-Containing Heterocycles,” curated by Professors Ohshima, Wu, and Ha, features a Research Topic of groundbreaking research, illuminating innovative synthetic methods, strategies for selectivity and reactivity modulation, and diverse applications in functional molecule design. This editorial presents ten original research articles and one perspective piece, highlighting essential findings and their broader implications in the field of heterocyclic chemistry, offering promising insights into the future of this vibrant scientific area.
The Innovative Synthetic Methods section showcases pioneering strategies for constructing nitrogen-containing heterocycles. Murakami et al. present a copper-catalyzed method for synthesizing imidazolidine and imidazolidinone by reacting aziridines with imines and isocyanates, respectively. This approach involves transforming 3-membered heterocyclic rings into 5-membered ones, yielding a diverse array of 2-substituted imidazolidines and substituted imidazolidinones with high functional group compatibility. Lee et al. introduce a novel method for constructing functionalized dihydropyridinone rings via the annulation of an amide tethered with an alkyne moiety at the α-carbon. This process includes the formation of O-silyl N,O-ketene acetal and silver-mediated addition, proving a new route for the total synthesis of phenanthroindolizidine and phenanthroquinolizidine alkaloids. Kim et al. descrive a new single-atom deletion strategy for the late-stage conversion of alkaloids, employing oxidative ring contraction followed by chemoselective reduction to convert the 6-membered piperidine moiety of (allo)securinine into a 5-membered pyrrolidine, facilitating access to (allo)norsecurinine.
In the Selectivity and Reactivity Control domain, it is demonstrated that modifications to the catalyst, reaction conditions, or substrate structure can significantly enhance selectivity and reactivity, suggesting a new control strategy in heterocyclic synthesis. Kuriyama et al., focusing on La(OTf)3-catalyzed reactions, illuminate the efficiency and versatility of modern synthetic strategies. Their method utilizing La(OTf)3-catalyzed intramolecular regioselective aminolysis method to convert cis-3,4-epoxy amines into highly strained 4-membered ring azetidines over 5-membered ring pyrrolidines. This approach achieves high yields even with acid-sensitive and Lewis basic functional groups, marking a significant advancement in synthetic organic chemistry. Srivastava and Ha develop an innovative approach for constructing nitrogen-containing heterocycles via aziridine ring-opening reactions. In this reaction, the regioselectivity depends on the functional groups of the alkyl substituents. Employing aziridine rings substituted with ketone or silylated hydroxy group as substrates has proven to efficiently facilitate ring-opening and subsequent cyclizations, converting 3-membered heterocyclic rings into 5- or 6-membered ones. Noda et al. investigate the reactivity of rhodium alkyl nitrenes derived from substituted hydroxylamine precursors for synthesizing 5-membered pyrrolidines, focusing on modulating the regioselectivity between benzylic and tertiary C–H bonds by adding of Brønsted acids or by modifying oxygen substituents. Their findings deepen the understanding of metallonitrene structures and provide valuable insights for the selective synthesis of N-heterocycles. This study underscores the profound impact of precursor structures and additives on nitrene reactivity, paving the way for substrate-controlled synthesis, which is crucial for medicinal chemistry and drug development. Kim et al. develop a novel and highly efficient strategy for the C4-selective (hetero)arylation of pyridines using N-aminopyridinium salts. This method overcomes the poor site-selectivity often encountered in conventional methods by using N-aminopyridinium salts instead of pyridine as substrates. This metal-free method proceeds at room temperature with a base, eliminating the need for catalysts or oxidants. It allows the incorporation of various electron-rich (hetero)aryl groups onto pyridines, facilitating the synthesis of valuable C4-(hetero)aryl pyridine derivatives, crucial in agrochemicals, pharmaceuticals, and functional materials. In a complementary contribution, Choi et al. explore the compatibility of various functional groups in the hydrazinolysis of amides with ammonium salts. The resulting acyl hydrazide can be readily converted into the corresponding ester through acylpyrazole. Utilizing a Functional Group Evaluation (FGE) kit comprising 26 additives, including nitrogen-containing heterocycles like imidazole and indole, this study rapidly assesses the compatibility of functional groups crucial for drug discovery research. Furthermore, this innovative research unveils the positive effects of carboxylic acid additives, suggesting the utility of this evaluation kit in developing new reaction systems.
The Applications for Functional Molecules segment transcends the boundaries of traditional synthesis by exploring the applications of nitrogen-containing heterocycles across various scientific fields.
Further expanding the synthetic repertoire, Namioka et al. present an efficient method for preparing organomagnesium intermediates with protected azido groups, utilizing Amphos for azide protection. This technique facilitates the synthesis of diverse functionalized azides and their subsequent conversion into a wide array of 1,2,3-triazoles through click reactions. This advancement contributes significantly to synthetic organic chemistry, pharmaceutical sciences, and materials chemistry by providing a versatile approach to synthesize azides and triazoles, pivotal as synthetic intermediates and bioactive compounds. Mohamadpour et al. introduce a groundbreaking, green photosynthesis method for synthesizing 3,4-dihydropyrimidin-2-(1H)-one/thione derivatives which exhibit widespread biological applications such as antihypertensive, antiviral, antitumor, antibacterial, α-1a-antagonism, antioxidant, and anti-inflammatory actions, from aryl aldehydes, β-ketoesters, and urea/thiourea. This method employs a novel halogenated dicyanobenzene-based photosensitizer, 3DPAFIPN, as a donor-acceptor photocatalyst triggered by visible light. Utilizing blue LED technology enables a sustainable, energy-efficient reaction process in an ethanol medium at room temperature. The perspective offered by Ha brings to light the practicality and environmental benefits of using proline-derived organocatalysis and pot-economical synthesis. The synthesis of (−)-quinine serves as a prime example of overcoming synthetic challenges through organocatalysis, showcasing the method’s potential in streamlining the environmentally benign production of complex organic compounds. The discussion includes various organocatalysis techniques and their success in enhancing reaction conditions, emphasizing the significance of organocatalysts in modern synthetic organic chemistry.
This Research Topic showcases the dynamic and ever-evolving landscape of research on nitrogen-containing heterocycles and lays the groundwork for future investigations. It is a testament to the collaborative spirit of the scientific community, driven by a shared commitment to unravel the complexities of chemistry for the advancement of knowledge and society.
We extend our deepest appreciation to all the contributors, whose dedication and groundbreaking work enrich our collective understanding and pave the way for future innovations. Their diverse insights and findings reflect the multifaceted nature of chemistry’s quest to harness the potential of nitrogen-containing heterocycles, promising new avenues for discovery and application.
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An efficient method to prepare organomagnesium intermediates having a protected azido group is reported. Protection of azido groups with di-(tert-butyl)(4-(dimethylamino)phenylphosphine (amphos) and following iodine–magnesium exchange realized the preparation of organomagnesium intermediates, which served in the synthesis of diverse azides by transformation with various electrophiles followed by deprotection with elemental sulfur. Furthermore, click reactions of azides with alkynes enabled synthesizing a wide variety of 1,2,3-triazoles.
Keywords: azides, triazoles, protection, click chemistry, iodine–magnesium exchange, turbo Grignard reagent, phosphazide, phosphines
1 INTRODUCTION
Azides are a significant class of compounds in a broad range of research fields, including synthetic organic chemistry, pharmaceutical sciences, and materials chemistry (Figure 1A) (Bräse and Banert, 2010; Banert, 2016; Yoshida, 2020). Triazole formations by copper-catalyzed azide–alkyne cycloaddition (CuAAC) (Rostovtsev et al., 2002; Tornøe et al., 2002; Meldal and Tornøe, 2008) or strain-promoted azide–alkyne cycloaddition (SPAAC) (Agard et al., 2004; Ning et al., 2008; Dommerholt et al., 2010) have served as click reactions. Azides are also frequently used in organonitrogen syntheses through the Staudinger reduction which takes place smoothly by the treatment of phosphines at ambient temperature (Staudinger and Meyer, 1919; Saxon and Bertozzi, 2000). Despite the importance of azides in synthetic organic chemistry, it is not always easy to synthesize azides owing to the electrophilic nature of azido groups which are susceptible to various nucleophiles, such as carbanions (Tanimoto and Kakiuchi, 2013). In particular, the preparation of carbanions having azido groups is, thus, a challenging issue (Figure 1B). For example, Nagaki and coworkers reported that treatment of 4-bromophenyl azide with n-butyllithium at −78°C under microflow conditions followed by protonation afforded phenyl azides in low yield (Figure 1C–1) (Ichinari et al., 2020), notably showing that the preparation of 4-azidophenyllithium is a challenging transformation, even under microflow conditions. An alternative preparation method for the 4-azidophenyllithium equivalent was successfully developed from 1,4-dibromobenzene (3) under microflow conditions through triazene formation with sulfonyl azide 4 and the subsequent bromine–lithium exchange, leading to aryllithium 5, as a carbanion, having a masked azide moiety (Figure 1C–2) (Ichinari et al., 2020). Although this elegant method allowed us to synthesize a limited variety of 4-substituted phenyl azides, a new approach to prepare carbanions bearing masked azide moieties leading to a wide array of azides is sought after.
[image: Figure 1]FIGURE 1 | (A) Transformations of azides. (B) Carbanions having an azido group. (C) Nagaki’s work. (D) Overview of this work.
In this study, we conceived an idea of preparing carbanions having “protected” azido groups through the treatment of azides with di(tert-butyl)(4-(dimethylamino)phenylphosphine (amphos) (Figure 1D). Previously, we found that amphos smoothly reacts with azides to furnish phosphazides without denitrogenation, and phosphazides can be transformed into azides through deprotection with elemental sulfur (Meguro et al., 2018). Azide protection realized various transformations, such as selective click reactions of diazides and Grignard reactions using carbonyl compounds having azide moieties due to the good stability of phosphazides as protected azides (Aimi et al., 2021). Herein, we describe an efficient method to prepare organomagnesium intermediates by iodine–magnesium exchange with a turbo Grignard reagent after the phosphazide formation of iodine-substituted azides, enabling facile synthesis of diverse 1,2,3-triazoles by Grignard reactions and following CuAAC reactions.
2 RESULTS AND DISCUSSION
First, we attempted the iodine–magnesium exchange of 4-(4-iodophenyl)phenyl azide (6a) with an isopropylmagnesium chloride lithium chloride complex (Krasovskiy and Knochel, 2004; Bao et al., 2015) in THF at −20°C followed by the addition of N,N-dimethylformamide (DMF) (Figure 2A, route 1). As a result, the desired aldehyde 7a was not obtained due to the decomposition of the azido group. In contrast, we succeeded in the synthesis of aldehyde 7a from iodide 6a in high yield via phosphazide formation (Figure 2A, route 2). Treatment of azide 6a with amphos at room temperature followed by iodine–magnesium exchange with the isopropylmagnesium chloride lithium complex in THF at −20°C and subsequent addition of DMF resulted in efficient formylation. Following deprotection of the phosphazide moiety with elemental sulfur provided azide 7a in good yield without damaging the azido group. The iodine–magnesium exchange with isopropylmagnesium bromide instead of the turbo Grignard reagent also proceeded efficiently (Figure 2B). Aldehyde 7a was prepared in moderate yield when using i-Pr2(n-Bu)MgLi (Inoue et al., 2001) or n-butyllithium for the iodine–metal exchange. Metalation using tert-butyllithium resulted in a complex mixture of products.
[image: Figure 2]FIGURE 2 | (A) Synthesis of 7a from 6a with or without the protection of the azido group. (B) Screening reagents for the iodine–metal exchange.
A wide range of azides 8 were successfully synthesized by the addition of electrophiles to the organomagnesium intermediate prepared in situ from azide 6a (Figure 3). Various aldehydes 9 efficiently reacted with the organomagnesium intermediate, enabling us to synthesize the corresponding alcohols 8a–8e in good yields, leaving azide, benzyl alcohol, chloro, methoxy, and thienyl moieties intact. Tertiary alcohol 8f or 8g was prepared from azide 6a using acetone (10a) or α,α,α-trifluoroacetophenone (10b), respectively, as an electrophile. Allylation of the Grignard reagent prepared from 6a took place to afford the azide 8h after deprotection with elemental sulfur. Bromide 8i was synthesized by bromination of the carbanion with N-bromosuccinimide (NBS), followed by treatment with S8.
[image: Figure 3]FIGURE 3 | Synthesis of azides 8 from azide 6a and various electrophiles. NBS, N-bromosuccinimide.
We succeeded in the synthesis of aldehydes 7b–7f from a range of azides 6 through phosphazide formation, iodine–magnesium exchange, formylation with DMF, and deprotection with S8 (Figure 4). For example, 4-formyl- or 3-formylphenyl azide 7b or 7c were prepared from 4-iodo- or 3-iodophenyl azide (6b or 6c), respectively. We accomplished the synthesis of trisubstituted benzene 7d from 4-azido-3-methylphenyl iodide (6d) through the phosphazide formation of the ortho methyl-substituted phenyl azide moiety. When using 4-azido-2-chlorophenyl iodide (6e), protection of the azido group, iodine–magnesium exchange, formylation, and deprotection proceeded smoothly for furnishing aldehyde 7e without damaging aldehyde, azide, and chloro moieties. Moreover, we achieved the preparation of the carbanion intermediate having an alkyl azide moiety from azide 6f through phosphazide formation and subsequent iodine–magnesium exchange, which successfully served in formylation with DMF.
[image: Figure 4]FIGURE 4 | Synthesis of azides 7 from various azides 6.
Azides bearing the iodo group can be synthesized by formal C–H azidation (Yoshida et al., 2014; Nishiyama et al., 2019) through Ir-catalyzed C–H borylation (Cho et al., 2002; Ishiyama et al., 2002; Mkhalid et al., 2010) and subsequent Cu-catalyzed azidation (Li et al., 2010). Thus, transformations of aryl iodides via the protection of the azido group allowed us to prepare a wide range of highly functionalized aryl azides from simple aryl iodides. For example, C–H borylation of m-iodoanisole catalyzed by iridium proceeded smoothly without damaging the iodo group (Figure 5). Subsequent azidation of the resulting arylboron 14, catalyzed by copper, took place efficiently. Then, we succeeded in the transformation of aryl iodide 6g via phosphazide formation and the iodine–magnesium exchange to provide benzaldehyde 7g, leaving the methoxy, formyl, and azido groups untouched.
[image: Figure 5]FIGURE 5 | Synthesis of azide 7g.
A wide variety of 1,2,3-triazoles were easily synthesized from azide 7a without damaging the formyl group (Figure 6). Indeed, we accomplished the synthesis of triazole 16a in high yield by the CuAAC reaction of azide 7a with terminal alkyne 15a in the presence of a catalytic amount of (MeCN)4CuBF4 and tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) (Chan et al., 2004). Triazole formation of azide 7a with cycloalkyne 17 proceeded smoothly to afford triazole 16b in good yield without copper catalysis (Dommerholt et al., 2010). We succeeded in the cycloaddition of azide 7a with benzyne generated from o-silylaryl triflate 18 to provide benzotriazole 16c having an aldehyde moiety (Shi et al., 2008). Reductive amination of aldehyde 7a also took place avoiding the reduction of the azido group. Thus, further transformations enabled us to diversify azides after reactions of azide-substituted carbanion equivalents.
[image: Figure 6]FIGURE 6 | Transformations of azide 7a.
Amino alcohols 20a–20d were efficiently synthesized from azides by transformations of carbanions through the protection of azido groups followed by the Staudinger reduction (Figure 7). We achieved the synthesis of amino alcohol 20a from azide 8a with tri-(n-butyl)phosphonium tetrafluoroborate in the presence of triethylamine (Meguro et al., 2017). The Grignard reaction of azide-substituted carbanion equivalents with aldehyde 9a and the following Staudinger reduction realized the preparation of a number of amino alcohols 20b–20d in good yields. Considering the pivotal role of amines and alcohols in the preparation of azaheterocycles, the synthesis of amino alcohols from iodine-substituted azides is poised to make significant contributions to the field of synthetic organic chemistry.
[image: Figure 7]FIGURE 7 | Transformations to anilines 20.
Grignard reactions of azide-substituted carbanion equivalents and the subsequent CuAAC reaction enabled us to synthesize a broad variety of 1,2,3-triazoles from diverse azides, aldehydes, and terminal alkynes (Figure 8). After treatment of 3-iodo-5-methoxyphenyl azide (6g) with amphos followed by the iodine–magnesium exchange, the Grignard reaction with 2-thienyl aldehyde (9e) and deprotection with elemental sulfur resulted in the efficient synthesis of the corresponding alcohol in good yield (Figure 8A). Then, we succeeded in the preparation of triazole 21a by the CuAAC reaction with alkyne 15b bearing an ester moiety. This approach is clearly advantageous over a synthetic route without azide protection, as esters can readily react with carbanions like Grignard reagents. Consequently, the synthesis of triazole 21a from azide 6g, aldehyde 9e, and alkyne 15b was achieved in short steps. Furthermore, triazole 21b was efficiently prepared from azide 6d, aldehyde 9a, and alkyne 15a. We achieved the synthesis of triazole 21c bearing an estradiol scaffold from 4-iodophenyl azide (6b), acetone (10a), and ethinyl estradiol (15c) by a simple protocol through phosphazide formation.
[image: Figure 8]FIGURE 8 | (A) Synthesis of triazoles 21a and 21b. (B) Synthesis of triazole 21c.
3 MATERIALS AND METHOD
For general experimental and instrumental methods, synthetic procedures, and full compound characterization, see the Supplementary Materials.
3.1 Synthesis of aldehyde 7a from aryl iodide 6a
To a solution of 4-azido-4'-iodo-1,1'-biphenyl (6a) (96.8 mg, 0.301 mmol) dissolved in THF (4.0 mL) was added di(tert-butyl)(4-(dimethylamino)phenyl)phosphine (amphos) (95.9 mg, 0.361 mmol, and 1.2 equiv) at room temperature. After stirring for 15 min at the same temperature, we slowly added iPrMgCl・LiCl (1.3 M, THF solution, 0.50 mL, 0.650 mmol, and 2.2 equiv) to it at −20°C. After stirring for 30 min at the same temperature, we also slowly added N,N-dimethylformamide (70.0 µL, 0.904 mmol, and 3.0 equiv) to the solution. After stirring for 1 h at −20°C, we slowly added water (5 mL) to it. The mixture was extracted with EtOAc (10 mL × 3). The combined organic extract was washed with brine (10 mL) and dried with Na2SO4. After filtration, the filtrate was concentrated under reduced pressure. We added S8 (19.7 mg, 0.614 mmol, and 2.0 equiv) to the residue dissolved in THF (4.0 mL) at room temperature. After stirring for 16 h at the same temperature, the mixture was concentrated under reduced pressure. The residue was purified by preparative TLC (n-hexane/EtOAc = 1/1) to give 4-(4-azidophenyl)benzaldehyde (7a) (55.6 mg, 0.249 mmol, and 83%) as a pale yellow solid.
3.2 4-Azido-4′-iodo-1,1′-biphenyl (6a)
Pale yellow solid; Mp 122–124°C; TLC Rf 0.65 (n-hexane/EtOAc = 10/1); 1H NMR (CDCl3, 400 MHz): δ 7.07–7.13 (AA’BB’, 2H), 7.25–7.33 (AA’BB’, 2H), 7.51–7.57 (AA’BB’, 2H), and 7.74–7.79 (AA’BB’, 2H); 13C{1H} NMR (CDCl3, 101 MHz): δ 93.1, 119.5, 128.2, 128.6 (two signals overlapped), 136.7, 137.9, and 139.6; IR (Nujol, cm–1): 810, 1,296, 1,306, 1,377, 1,388, 1,463, 1,478, 2,106, 2,139, 2,855, 2,924, and 2,953; and HRMS (FAB) m/z: [M]·+ calcd for C12H8IN3·+ 320.9763; found 320.9779.
4 CONCLUSION
In conclusion, we succeeded in the preparation of organomagnesium intermediates having protected azido groups. Various azides were successfully synthesized by the Grignard reaction of carbanions having phosphazide moieties with various electrophiles followed by deprotection with elemental sulfur. Since a broad range of organonitrogens, such as amines and triazoles, are easily prepared from azides, reactions involving carbanion equivalents with azide moieties, followed by subsequent transformations, are poised to significantly contribute to organonitrogen synthesis. Our laboratory is currently engaged in further studies, including the preparation and transformations of carbanions with phosphazide moieties.
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The synthesis of heterobiaryl compounds holds significant value in organic chemistry due to their extensive range of applications. Herein, we report a highly efficient strategy for conducting C4-selective (hetero) arylation of pyridines using N-aminopyridinium salts. The reaction proceeds readily at room temperature in the presence of a base, thus eliminating the requirement for catalysts or oxidants. This method allows for the installation of various electron-rich (hetero) aryl groups on pyridines, resulting in the streamlined synthesis of highly valuable C4-(hetero) aryl pyridine derivatives, which are otherwise challenging to acquire via conventional methods. This simple and straightforward method will facilitate access to a range of heterobiaryl compounds thereby promoting their application in various scientific disciplines.
Keywords: C-H (hetero) arylation, pyridinium salt, C4-selectivity, heterobiaryl, metal-free
INTRODUCTION
Pyridine, a prominent component in the realms of agrochemicals, pharmaceuticals, and functional materials (Vitaku et al., 2014; Zhong, et al., 2014), is often a key constituent of N-heterobiaryl scaffolds due to their rigid and adaptable three-dimensional structures (Wu and Chan, 2006; Ghoteimi et al., 2023; Yang et al., 2016; Lee, H. et al., 2019; Jo, W. et al., 2020; Li, H. et al., 2021; Shao et al., 2021; Nguyen, N. H. et al., 2022; Takahashi, F., and Yorimitsu, H., 2023). These structures are frequently used in the fabrication of therapeutic agents or as ligands for metal catalyst complexes. For instance, LJH685, a selective RSK inhibitor, has been designed to treat triple-negative breast cancer (TNBC) (Cui et al., 2022), and Etoricoxib (Chauret et al., 2001), a selective cyclooxygenase-2 inhibitor, has been developed for its anti-inflammatory effects. As a result, the synthesis of arylated pyridine scaffolds has become a hot topic, with a majority of strategies employing transition metal catalysts (Li et al., 2014; Lee, D. et al., 2015; Zuo et al., 2015; Jiao et al., 2016; Lutz et al., 2016; Jia et al., 2018; Gu, X. et al., 2022). The Baran group, for example, introduced a Minisci-type Ag-catalyzed arylation of pyridine and other heteroarenes (Seiph et al., 2010) (Scheme 1A). In addition, modified versions of the Suzuki-Miyaura reaction using heteroaryl halides and Pd catalysts have been reported (Ichikawa et al., 2017) (Scheme 1B). However, despite their synthetic versatility, these methods demand high temperatures and exhibit limited functional group tolerance. The advent of photocatalyzed reactions utilizing diazonium salts (Bartolomeu et al., 2019) and diaryliodonium salts (Tobisu et al., 2013) as aryl radical precursors marked a significant advance (Scheme 1C). Although these reactions are achievable at room temperature, the poor site selectivity of pyridine continues to pose a challenge.
[image: Scheme 1]SCHEME 1 | Synthetic approaches to (hetero) arylation of pyridine cores.
Recently, pyridinium salts have emerged as versatile synthetic tools for pyridine functionalization, delivering mild conditions and superior site selectivity (Kim et al., 2021; Shin et al., 2021; Choi et al., 2022; Kim et al., 2022a; Kim et al., 2022b; Kim et al., 2022c). As pyridine surrogates, N-substituted pyridinium salts have bolstered the development of numerous visible-light induced reactions where radicals are produced via photocatalysts or electron donor-acceptor (EDA) complex formations. These radicals initiate a hydrogen atom transfer (HAT) or react with unsaturated carbon species, giving rise to complex radical species that can be sequestered in the pyridinium salts (Kim et al., 2019; Lee et al., 2020; Mathi et al., 2020). Of particular interest is the site-selective functionalization controlled by the N-substituents attached to the pyridinium salts (Jung et al., 2019). Beyond radical pathways, two-electron pathways have also been investigated, with pyridine or other heteroarene salts acting as electrophiles, demonstrating impressive reactivity and site selectivity (Okamoto et al., 1963; Okamoto et al., 1966; Lemire et al., 2004; Donohoe et al., 2009; Chupakhin et al., 2017). While one reference exists on pyridine C4 selective arylation using Grignard reagents, there are inherent compatibility challenges with various functional groups during the arylation process. As a result, the substrate scope is constrained, with only a single example reported (Katritzky and Beltrami, 1979). Despite these advances, the direct cross-coupling of pyridinium salts with other (hetero) arenes under mild conditions is still an underexplored field. Motivated by the versatile reactivity and excellent selectivity of N-substituted pyridinium salts, we aimed to design a method for C4-selective (hetero) arylation of pyridine under mild reaction conditions. We hypothesized that electron-rich (hetero) arenes, such as indoles and naphthol, would undergo nucleophilic addition to electrophilic pyridinium salts, leading to the formation of N-(hetero) biaryl compounds incorporating pyridine. This new approach enables the synthesis of a variety of N-(hetero) biaryl building blocks, known to be invaluable scaffolds in the sphere of medicinal chemistry (Marchais-Oberwinkler et al., 2008; Guo et al., 2011; Tsuji, T. et al., 2020; Yuan et al., 2020; Chaudhary, 2021).
RESULT AND DISCUSSION
First, we conducted a comprehensive screening of reaction conditions to facilitate the incorporation of an indole moiety onto pyridine, employing pyridinium salt 1a and 5-methoxyindole 2a. We assessed the efficiency of various organic and inorganic bases (Table 1, entries 1–5). Cs2CO3 failed to show any significant conversion, while DBU and NaOtBu generated moderate yields. Notably, alongside the desired product 3b, we also detected minor side product N1, which exhibited a bond formation between the nitrogen of the indole and the C4 position of the pyridine. Specifically, side product 3b′ resulted from an additional nucleophilic addition of the free N–H from the desired product, 3b, to another pyridinium salt. When a stronger base, NaH, was used, the yield of the desired product 3b was slightly improved. Prior research has suggested that the choice of base cation can affect the reactivity and selectivity (Kobayashi et al., 2015; Chen and Wu, 2017). To investigate the potential influence of base cations on our reaction, we further scrutinized various tert-butoxide species with differing cations, due to the similar conversion but milder basicity of NaOtBu in comparison with NaH (entries 5 and 6). Remarkably, LiOtBu yielded a result similar to NaOtBu but demonstrated significantly superior selectivity for the indole C3 position. Subsequently, we explored the effects of ratio of 2a and LiOtBu (entries 7–13). A lower base quantity resulted in a decreased yield, and it was concluded that an optimal condition involved the use of 2.0 equiv of base (entry 10). When 2.0 equiv of 2a was used, the yield significantly improved (entry 13). This enhancement can be attributed to the unfavorable formation of 3b′ in the presence of excess 2a. Additionally, we evaluated other solvents with varying polarities, but DMSO proved to be superior (entries 14 and 15). Without the base, the reaction did not proceed (entry 16). Considering these optimization results, we selected entry 13 as the optimal condition for the introduction of the indole group at the pyridine C4 position.
TABLE 1 | Optimization of reaction conditions.a
[image: Table 1]Utilizing the optimized conditions for heteroarylations, we explored the scope of the reaction by including various functional groups on indoles (Table 2). The reactions showed consistent performance across a variety of indoles, from simple indoles to those substituted with electron-donating groups, such as methoxy, and methyl groups (3a–3e). Various halogen groups, spanning from iodo to fluoro, resulted in satisfactory conversions in the reaction (3f–3i). Electron-withdrawing groups, including nitro (3j), cyano (3k), amide (3l), and aldehyde (3m) groups, were successfully accommodated under the reaction conditions, leading to good conversions. Remarkably, even in the presence of a strong base, the hydroxyl group (3n) yielded a significant output. We also tested azaindole (3o) and pyrrolopyrimidine (3p), both of which are common derivatives of indoles found in medicinal chemistry. Pleasingly, the reactions proceeded well, highlighting the applicability of this method for the synthesis of these vital indole derivatives.
TABLE 2 | Nucleophilic heteroarylation of pyridine with indoles.a
[image: Table 2]Subsequently, we systematically evaluated a series of pyridinium salts with diverse substituents to examine their reactivity and suitability with the established reaction conditions. The utilization of unsubstituted pyridinium salts resulted in comparatively lower yields (3q) than when 2-substituted pyridinium salts were used. When pyridinium salts carried an aryl substituent, the reaction progressed efficiently, suggesting that the aryl group present on the pyridinium salts enhances the reaction (3r–3t). The incorporation of other aryl groups, such as thiophene (3u) and pyridine (3v), into the pyridinium salt successfully yielded the corresponding products. We found that the reaction proceeded successfully when using C2-ester pyridinium salt 3w. Additionally, we expanded the applicability of our method by facilitating reactions with quinolinium salt (3x). When we used a pyridinium salt derived from a pharmaceutical compound, vismodegib, the reaction produced the desired product 3y in 40% yield.
We discovered that 2-naphthol could be effectively installed at the C4 position of pyridine in the presence of a base. Following the screening of reaction conditions using pyridinium salt 1a and 2-naphthol 4a as model substrates, we identified an optimized reaction condition that led to high conversion yields towards compound 5a (see Supplementary Table S1 for details). In the naphthol scope (Table 3), we noted a promising tolerance towards a variety of functional groups. The reaction progressed smoothly for substrates containing electron-donating groups such as methyl and methoxy groups (5a–5e). Halogen groups, including bromo (5f), chloro (5g), and fluoro (5h), were also compatible with the reaction conditions. Furthermore, electron-withdrawing groups, like cyano, amide, ester, ketone, and aldehyde groups, resulted in excellent conversion (5i–5m). The nucleophilic alcohol group also showed favorable conversion (5n). Motivated by this broad functional group tolerance, we extended our investigation to other heteroarenes as naphthol derivatives (5o–5r). Pleasingly, the reactions involving quinoline (5o), isoquinoline (5p), and benzothiophene (5r) proceeded well. However, benzofuran (5q) exhibited lower compatibility with the reaction conditions. Within the pyridine scope, improved conversion was observed with pyridine salts bearing a phenyl group compared to simple pyridine salts (5s–5v). Pyridinium salts substituted with thiophene (5w) and pyridine (5x) resulted in high conversions. Pleasingly, excellent yields were observed with the pyridinium salt carrying an ester group (5y) and the quinolinium salt (5z). Furthermore, a promising conversion was demonstrated when using the pyridinium salt derived from vismodegib (5aa), indicating the efficiency of this method in introducing a naphthol moiety even in the late stage of complex, pyridine-containing molecules.
TABLE 3 | Nucleophilic arylation of pyridine with 2-naphthols.a
[image: Table 3]To further elucidate the reaction mechanism, we conducted several control experiments. When the hydroxyl group of 2-naphthol was protected with an acyl group, the desired product was not observed, implying that the deprotonation of the hydroxyl group is a critical step (Scheme 2A). Blocking the C1 position of 2-naphthol with a methyl group halted the reaction. This evidence, together with the synthesis of 5e, distinctly indicates that under the optimal reaction conditions, the most reactive site of 2-naphthol towards the pyridinium salt is the C1 position (Scheme 2B). In the context of indoles, when N-methylated indole was used as a substrate, no reaction was observed, highlighting that a free N–H is vital for the reaction to proceed (Scheme 2D). When the C3 position of indole was blocked, the only significant product observed was 3z, which resulted from the nucleophilic attack of nitrogen from 2ab on the pyridinium salt (Scheme 2E). The addition of a radical scavenger, (2,2,6,6-tetramethylpiperidine-1-oxyl) (TEMPO) did not inhibit reactivity, suggesting that the reaction proceeded via an ionic pathway (Schemes 2C, F).
[image: Scheme 2]SCHEME 2 | Mechanistic studies.
Given the experimental evidence, a plausible reaction mechanism for the arylation of pyridine with indole is depicted in Scheme 3. The reaction commences with the base-induced deprotonation of indole, followed by nucleophilic addition to the pyridinium salt 1. This addition is succeeded by the base-assisted aromatization of the pyridine moiety, leading to the release of a tosyl amine anion. Intriguingly, this anionic tosyl amine could potentially function as a base for the rearomatization of indole. Upon completion of the reaction, the reaction mixture is subjected to mild acidic workup, leading to the formation of the desired product 3. A similar pathway is expected for naphthol and is outlined in Supplementary Scheme S1.
[image: Scheme 3]SCHEME 3 | Proposed reaction mechanisms.
CONCLUSION
In summary, we have developed a mild and selective nucleophilic (hetero) arylation of pyridine with exclusive C4 selectivity at the pyridine ring. This method employs N-aminopyridinium salts as electrophiles, enabling the facile and efficient synthesis of (hetero) arylated pyridine derivatives incorporating a wide range of aromatic functionalities. With the assistance of a base, indoles, naphthols, and their respective heteroarene derivatives can undergo nucleophilic addition onto the pyridine, eliminating the need for additional protection or deprotection steps. Interestingly, these nucleophilic (hetero) arenes exhibit unique and selective reactivity when engaging with the pyridinium salt. This selective behavior allows for meticulous control over the regiochemistry of the arylation reaction, facilitating the introduction of (hetero) aryl groups at the C4 position of pyridine. Given the observed extensive functional group tolerance, the developed protocols have the potential to yield a vast array of heterobiaryl scaffolds, which are indispensable building blocks in medicinal chemistry. These insights will contribute to the ongoing evolution of synthetic methods, simultaneously unlocking new possibilities for the discovery and development of innovative pharmaceutical compounds.
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Azetidine is a prevalent structural motif found in various biologically active compounds. In this research paper, we report La(OTf)3-catalyzed intramolecular regioselective aminolysis of cis-3,4-epoxy amines to afford azetidines. This reaction proceeded in high yields even in the presence of acid-sensitive and Lewis basic functional groups.
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1 INTRODUCTION
Arranging specific polar functional groups in three-dimensional space is a basic strategy for imparting a specific bioactive function to organic molecules and is universally found in nature and used in medicinal chemistry. The regioselective nucleophilic ring opening of epoxides is an efficient strategy for constructing contiguous chiral centers, and many methods have been developed to achieve this reaction (Caron and Sharpless, 1985; Faiz and Zahoor, 2016; Wang, 2017; Rodríguez-Berríos et al., 2023). Aminolysis of epoxides is a useful reaction for the synthesis of sterically complex nitrogen-containing compounds such as alkaloids. However, the regioselective aminolysis of epoxides poses a significant challenge, especially when Lewis and Brønsted acid promoters are used as catalysts. This is because the acid added to activate the epoxide is usually quenched by the high basicity of amine nucleophiles.
In the course of our study on the total synthesis of biologically active natural products (Uesugi et al., 2015), our research group discovered that lanthanoid (III) trifluoromethanesulfonate (Ln(OTf)3) functions as an excellent catalyst for the regioselective nucleophilic ring opening of epoxides, which led us to exploit the synthetic use of Ln(OTf)3 as a catalyst for epoxide ring-opening reactions. Thus, we have demonstrated that a catalytic amount of europium (III) trifluoromethanesulfonate (Eu(OTf)3) enables the introduction of alcohols and thiols, as well as aryl and aliphatic amines, onto the C3 position of 2,3-epoxy alcohols with high regioselectivity (Scheme 1A) (Uesugi et al., 2014). Eu(OTf)3 also efficiently catalyzed the C4-selective aminolysis of a 3,4-epoxy alcohol, the synthetic use of which was demonstrated by the efficient synthesis of the antipsychotic agent (+)-nemonapride (Uesugi et al., 2017). Furthermore, the lanthanum (III) trifluoromethanesulfonate (La(OTf)3) catalyst induced anti-Baldwin 5-endo-tet cyclization of trans-3,4-epoxy amines via C4-selective intramolecular epoxide aminolysis to give 3-hydroxypyrrolidines in high yields (Scheme 1B) (Kuriyama et al., 2021). Interestingly, the La(OTf)3 catalyst was found to promote the C3-selective intramolecular aminolysis of a cis-3,4-epoxy amine to give an azetidine in high yield, which led to the development of a novel synthetic route for azetidines, as reported herein.
[image: Scheme 1]SCHEME 1 | (A) Eu(OTf)3-catalyzed regioselective ring-opening reaction of epoxy alcohols; (B) La(OTf)3-catalyzed regioselective ring-opening reaction of trans-3,4-epoxy amines.
Azetidine is a structural motif found in various natural products and pharmaceuticals. This strained structure has encouraged synthetic chemists to develop strategies for the synthesis of azetidines (Hameed et al., 2017; Parmar et al., 2021; Yoda et al., 2011). Intramolecular SN2 reactions are often used to form azetidine rings in which a nitrogen atom attacks a carbon atom connected to a leaving group [halogen (Betz et al., 2019; Rowe et al., 2019; Dherange et al., 2022), mesylate (Bose et al., 1994), etc.]. The intramolecular aminolysis of 3,4-epoxy amines could be an alternative method for constructing an azetidine ring with a carbonyl group adjacent to the azetidine ring, which could be a useful scaffold for further functionalization. However, such reactions have rarely been reported, except the intramolecular aminolysis of 3,4-epoxy sulfonamide (Scheme 2A) (Moulines et al., 1993; Breternitz and Schaumann, 1999; Medjahdi et al., 2009; Faigl et al., 2012) and transannular aminolysis of 3,4-epoxy amine (Scheme 2B) (Shimokawa et al., 2011; Shing and So, 2011; Wang et al., 2018; Hocine et al., 2023). To the best of our knowledge, the intramolecular aminolysis of an unprotected linear 3,4-epoxy amine (rather than amide) has not been reported before. Herein, we describe further investigations to clarify the optimum conditions and substrate scope for the La(OTf)3-catalyzed highly regioselective 4-exo-tet cyclization of linear 3,4-epoxy amines to afford azetidines (Scheme 2C).
[image: Scheme 2]SCHEME 2 | Azetidine syntheses by aminolysis reaction of epoxides; (A) intramolecular aminolysis of 3,4-epoxy sulfonamide; (B) transannular aminolysis; (C) this work.
2 MATERIALS AND METHODS
2.1 General information
All reactions were carried out in an argon atmosphere with dehydrated solvents under anhydrous conditions unless otherwise noted. Dehydrated THF and CH2Cl2 were purchased from Kanto Chemical Co., Inc., and the other solvents were dehydrated and distilled according to standard protocols. Reagents were obtained from commercial suppliers and used without further purification unless otherwise noted.
Reactions were monitored by thin-layer chromatography (TLC) on 0.25 mm Merck silica gel plates (60F-254). Column chromatography was performed using Silica Gel 60N (Kanto Chemical Co., Inc., spherical, neutral, particle size 63–210 mm) and NH-DM1020 (Fuji Silysia Chemical Ltd., spherical, particle size 100 μm); flash column chromatography was performed using Silica Gel 60N (Kanto Chemical Co., Inc., spherical, neutral, particle size 40–50 mm), unless otherwise noted.
Melting points were measured using a Yazawa BY-2 and Buchi M-565 and were uncorrected. Infrared (IR) spectra were obtained using a JASCO FT-IR-4600 instrument and are reported as wavenumbers. Proton nuclear magnetic resonance (1H-NMR) spectra were recorded using a JEOL JMN-AL400 (400 MHz) and a JEOL ECA-600 (600 MHz) spectrometer. Chemical shift (δ) is reported in parts per million (ppm) downfield relative to tetramethyl silane (TMS; 0.0 ppm) in CDCl3 and benzene (7.16 ppm) in C6D6. The coupling constants (J) are reported in Hz. Carbon-13 nuclear magnetic resonance (13C-NMR) spectra were recorded on a JEOL JMN-AL400 (100 MHz) spectrometer. Chemical shifts are reported in ppm relative to the centerline of the triplet of 13CDCl3 (77.0 ppm) and 13C6D6 (128.0 ppm). Low-resolution mass spectra (MS) were recorded on JEOL JMS-DX303, JMS-T100GC, and JEOL JMS-700 instruments. High-resolution mass spectra (HRMS) were recorded on JEOL JMS-T100GC and JEOL JMS-700 mass spectrometers using electron impact (EI) and on a Thermo Scientific Exactive Mass Spectrometer using electrospray ionization (ESI).
2.2 General procedure
2.2.1 Synthesis of cis-3,4-epoxy amines (1aa–1ka, 1ab and 1ac)
Et3N (2.5 eq) and MsCl (1.5 eq) were added to a solution of epoxy alcohol (1 eq) in CH2Cl2 (0.5 M) at 0°C, and the mixture was stirred for 10 min at room temperature. Then, saturated aqueous NaHCO3 was added to the mixture at 0°C, and the mixture was extracted thrice with CH2Cl2. The combined organic layers were dried over anhydrous MgSO4, filtered, and concentrated under reduced pressure. The resulting crude product was used immediately in the subsequent reaction without further purification.
Alkyl amine (3.0 eq) and NaI (10 mol%) were added to a solution of the crude product in DMSO (0.5 M) at room temperature (ca. 25°C), and the mixture was stirred for 2 days at ambient temperature. The mixture was diluted with H2O and extracted with Et2O. The combined organic layers were washed thrice with brine, dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The resulting residue was purified using column chromatography to yield the corresponding epoxy amines.
2.2.2 Synthesis of cis-3,4-epoxy anilines (1la–1na)
A pre-mixed solution of NaOCl·5H2O (1.5 eq) in saturated aqueous NaHCO was added dropwise to a cooled and well-stirred mixture of epoxy alcohol (1.0 eq) and TEMPO (1 mol%) in CH2Cl2 (0.2 M) and saturated aqueous NaHCO3 containing KBr (10 mol%), and the resulting mixture was stirred for 10 min at 0°C. Then, saturated aqueous Na2S2O3 was added at 0°C, and the mixture was extracted with CH2Cl2. The combined organic layers were washed with brine, dried over MgSO4, filtered, and concentrated under reduced pressure. The resulting crude product was used immediately in the subsequent reaction without purification (Lucio Anelli et al., 1987).
ArNH2 (1.0 eq) was added to a solution of the abovementioned crude product in CH2Cl2. After the mixture was stirred for 10 min at 0°C, NaBH(OAc)3 (1.2 eq) was added at 0°C and stirred at room temperature. Then saturated aqueous NaHCO3 was added, and the resulting mixture was extracted thrice with CH2Cl2. The combined organic layers were dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure. The resulting residue was purified using column chromatography to yield the corresponding epoxy anilines.
2.2.3 Optimized conditions of intramolecular aminolysis of cis-3,4-epoxy amines
La(OTf)3 (5 mol%) was added to a solution of cis-3,4-epoxy amine (1 eq) in (CH2Cl)2 (0.2 M) at room temperature, and the mixture was stirred under reflux. Upon completion of the reaction, the mixture was cooled to 0°C, and saturated aqueous NaHCO3 was added. The mixture was extracted thrice with CH2Cl2. The combined organic layers were dried over Na2SO4, filtered, and then concentrated under reduced pressure. The resulting residue was purified using column chromatography to yield the corresponding azetidine.
3 RESULTS
The feasibility of azetidine synthesis via Ln(OTf)3-catalyzed intramolecular aminolysis of cis-3,4-epoxy amines was investigated using cis-3,4-epoxy amine 1aa, prepared from cis-3-hexen-1-ol in three steps, as a model substrate (Table 1). Preliminary experiments revealed the optimum conditions for the intramolecular aminolysis of trans-3,4-epoxy amines to yield pyrrolidine; catalytic La(OTf)3 in refluxing CH2Cl2 did not complete the reaction (Kuriyama et al., 2021). Therefore, 1,2-dichloroethane (DCE) was used for refluxing instead of CH2Cl2 for 2.5 h to afford azetidine 2aa in 81% yield, along with a trace amount of pyrrolidine 3aa (2aa/3aa = >20:1) (Table 1, entry 1). Solvents with almost the same boiling points similar to that of DCE were screened. The selectivity for benzene (PhH) was lower than that for DCE (Table 1, entry 2). Coordinative solvents such as MeCN and THF exhibited good selectivity, but some of the substrate 1aa remained (Table 1, entries 3 and 4). Subsequently, the acids were screened using DCE as the solvent. Using Sc(OTf)3 instead of La(OTf)3 required a longer reaction time and afforded 2aa in moderate yield (Table 1, entry 5). LiOTf afforded a complex mixture of products. Ni(ClO4)2·6H2O, the catalyst reported by Yamamoto for the intermolecular aminolysis of 3,4-epoxy alcohols (Wang and Yamamoto, 2015), and TfOH, a Brønsted acid, gave low yields of 2aa because some substrate 1aa remained; the reaction gave a complex mixture (Table 1, entries 7 and 8). In the absence of acids in refluxing DCE, no reaction occurred after 2.5 h (Table 1, entry 9). In contrast, although 1aa was completely consumed after 24 h, 2aa was not detected, and a complex mixture was obtained (Table 1, entry 10). Based on the aforementioned examination, the optimum conditions were identified as 5 mol% La(OTf)3 in refluxing DCE.
TABLE 1 | Optimization of reaction conditions.
[image: Table 1]With the optimum conditions established, the effects of the substituents on the amino groups were evaluated (Figure 1). Azetidine formation proceeded smoothly in the presence of electron-rich and electron-deficient benzyl groups (2ba, 2ca). Substrates with an n-butyl amine moiety afforded azetidine 2da in high yield with high regioselectivity. A substrate with a bulky tert-butyl amine afforded azetidine 2ea in high yield. Substrates with π-basic allyl group also afforded the corresponding azetidine 2fa in moderate yield. Acid-prone functional groups, such as Boc, PMB, and TBS groups, were tolerated to afford azetidines (2ga–2ia) in high yields. Nitrile and sulfide functionalities hardly affected the yields of azetidines (2ja and 2ka). Interestingly, epoxy aniline 1la gave azetidine 2la in only 39% yield because of the competing formation of tetrahydroquinoline 4 via electrophilic aromatic substitution, whereas the corresponding trans-epoxy aniline efficiently underwent C4-selective intramolecular aminolysis to give pyrrolidine in high yield (Table 2) (Barvainiene et al., 2007; Wipf and Maciejewski, 2008; Mühlhaus et al., 2019). While epoxy aniline 1ma bearing an electron-donating methoxy group underwent aminolysis as did 1la, epoxy aniline 1na bearing an electron-withdrawing nitro group did not undergo the reaction. The effect of the functional groups adjacent to the epoxide was evaluated. Apart from the cation stabilization at the benzylic position, phenyl-substituted epoxide 1ab underwent aminolysis at the homobenzylic position, rather than the benzylic position, to afford azetidine 2ab in high yields (Scheme 3). Azetidine 2ac was also given in moderate yield from 4-fluorophenyl-substituted epoxide 1ac.
[image: Figure 1]FIGURE 1 | Substrate scope of the regioselective aminolysis.
TABLE 2 | Substrate scope of epoxy anilines.
[image: Table 2][image: Scheme 3]SCHEME 3 | Aryl-substituted epoxy amine; a) A tiny amount of pyrrolidine was observed in the crude product (C3/C4 = >20:1).
4 DISCUSSION
Density functional theory (DFT) calculations were performed to gain insight into the opposite regioselectivity between trans- and cis-epoxy amines. Simplified trans- and cis-epoxy amines 5 and 6 were used as substrates to reduce computational costs (Figure 2). When naked lanthanum (III) is coordinated to trans-epoxy amine 5, the energy of the transition state that yields azetidine by C3-selective aminolysis is lower than that produced by C4-selective aminolysis, which indicates selectivity opposite to that of the experimental results (see Supplementary Material S1). Dimethylamine-coordinated lanthanum (III) was used as the activator. The calculations showed that the energy of the pyrrolidine transition state was lower than that of the azetidine transition state, which was consistent with the experimental results (Figure 3). Calculations of the transition states of cis-epoxy amines complexed with dimethylamine-coordinated lanthanum (III) showed that the transition state of azetidine was much smaller than that of pyrrolidine, which was consistent with the experimental results (Figure 4). These computational results suggest that lanthanum complexes coordinated by substrates and/or products are likely to contribute to inverse regioselectivity.
[image: Figure 2]FIGURE 2 | Substrates studied computationally.
[image: Figure 3]FIGURE 3 | DFT studies of the selectivity for trans-epoxy amine (PCM (dichloromethane)/ωB97XD/6-311++G**, SDD (La)//PCM (dichloromethane)/ωB97XD/6-31G**, LanL2DZ (La)); lanthanum (light blue), oxygen (red), nitrogen (blue), carbon (gray), and hydrogen (white).
[image: Figure 4]FIGURE 4 | DFT studies of the selectivity for cis-epoxy amine (PCM (dichloroethane)/ωB97XD/6-311++G**, SDD (La)//PCM (dichloroethane)/ωB97XD/6-31G**, LanL2DZ (La)); lanthanum (light blue), oxygen (red), nitrogen (blue), carbon (gray), and hydrogen (white).
5 CONCLUSION
We have developed the La(OTf)3-catalyzed regioselective intramolecular aminolysis of cis-3,4-epoxy amines to afford azetidines. This reaction tolerated various functional groups, including coordinative and acid-prone functional groups. C3-selective aminolysis also proceeded with styrene oxide-type 3,4-epoxy amine, in which the C4 position was the benzylic position. Computational studies suggest that the difference in the regioselectivity of aminolysis between the cis- and trans-isomers was likely caused by lanthanum (III) coordinated with the substrate and/or product. Further investigations of the Lewis acid-promoted ring-opening reaction of strained heterocycles and its application to successive ring-opening reactions are currently underway. The reactions developed herein are expected to be applied to the synthesis of various highly functionalized bioactive compounds.
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The formation of N-heterocycles with multiple substituents is important in organic synthesis. Herein, we report a novel method for the construction of functionalized dihydropyridinone rings through the annulation of an amide α-carbon with a tethered alkyne moiety. The reaction of the amide with the alkyne was achieved via O-silyl N,O-ketene acetal formation and silver-mediated addition. Furthermore, the developed method was applied for the total synthesis of phenanthroindolizidine and phenanthroquinolizidine alkaloids. By varying the coupling partners, a concise and collective total synthesis of these alkaloids was achieved.
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1 INTRODUCTION
The construction of N-heterocycles containing multiple substituents still remains an important synthetic challenge (Vo et al., 2014; Nandakumar et al., 2015; He et al., 2021; Chen et al., 2023). We recently described the Ag(I) and Brønsted acid co-catalyzed cyclization of an enamine with a tethered alkyne moiety as a one-pot method for pyridinium formation (Scheme 1A) (Lee et al., 2023). Our proposed mechanism for the transformation involves the addition of a nucleophilic enamine to a silver(I)-complexed alkyne, followed by protonolysis of the resulting vinyl-silver species and subsequent aromatization. Based on this annulation, we envisioned that the nucleophilic addition of the amide α-carbon onto the appended alkyne would form a dihydropyridinone (Scheme 1B). To the best of our knowledge, the reactions of alkynes with amides have not been well explored, although reactions with various types of carbon nucleophiles, especially stabilized carbon nucleophiles such as malonates, β-ketoesters, and diketones, have been well explored (Dénes et al., 2010; Hack et al., 2015; Lin et al., 2021).
[image: Scheme 1]SCHEME 1 | Synthesis of N-heterocycles via the annulation of an alkyne with a tethered moiety.
Herein, we report the annulation of an amide α-carbon with a tethered alkyne moiety, which is a new complementary process for the functionalization of dihydropyridinone rings. In addition, we discuss the application of this C–C bond-forming reaction for the expedient total synthesis of phenanthroindolizidine and phenanthroquinolizidine alkaloids.
2 RESULTS AND DISCUSSION
We examined the feasibility of the proposed reaction using model substrate 1 (Table 1), which was prepared in two steps from commercially available materials. Based on our previous results on pyridinium formation (Lee et al., 2023), Ag2CO3 or AgNTf2 were employed as a catalyst for alkyne activation. Without a base, no conversion of 1 occurred. The addition of a conventional base, such as an alkali metal carbonate or 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), did not result in product formation (Supplementary Table S1). Despite the reported incompatibility of strong bases and Lewis-acidic metals (Yamamoto, 2000; Yamamoto et al., 2008; Lappert et al., 2009), the strong bases generally used for amide enolate generation, including potassium bis(trimethylsilyl)amide (KHMDS) and LiHMDS, were also examined. However, all of these attempts failed, and most of the starting material decomposed or was recovered (Supplementary Table S1).
TABLE 1 | Conditions for the formation of 2 from 1.a
[image: Table 1]We turned our attention to an O-silyl N,O-ketene acetal as a surrogate for the amide enolate. O-Silyl N,O-ketene acetals have been typically used for Mukaiyama-type reactions (Paris et al., 2022) and generated in situ by the treatment of an amide with a silylating agent and tertiary amine base (Kobayashi et al., 2011; Downey et al., 2015; Takeda et al., 2017). Previously, Shen and coworkers reported the gold(I)-catalyzed cyclization of alkynes with an O-silyl ketene amide or carbamate nucleophiles (Minnihan et al., 2007). However, the reaction of an alkyne with a silyl N,O-ketene acetal has not been reported.
At the outset of this study, TMSOTf was used as a silylating agent, and various amine bases were screened in the presence of 0.1 equiv of Ag2CO3 in dichloroethane (DCE) under reflux conditions. Among the tested amine bases, N,N-diisopropylethylamine (DIPEA) exhibited the best performance, affording dihydropyridinone 2 in a modest 59% yield along with a mixture of unidentifiable polar side products (Table 1, entry 1). The other sterically hindered base 2,6-lutidine also provided 2, albeit in a lower yield (46%, entry 2).
After determining the feasibility of the reaction, further screening of the reaction conditions was performed using DIPEA and TMSOTf. Under reflux conditions, the yield of compound 2 was reduced, likely due to the formation of considerable amounts of unidentified side products. A reduction in the reaction temperature led to an increase in the yield of compound 2 (entries 3–5), likely as a result of decreased formation of side products. For example, 2 was formed in an excellent yield of 95% at room temperature, although a longer reaction time was required (entry 5). When Ag2CO3 was replaced with AgNTf2, the reaction time was reduced by half (3 h), and the yield was also excellent (96%, entry 6). As in our previous study on the annulation of enamines with alkynes (Lee et al., 2023), the 5-membered heterocycles formed via 5-exo-dig cyclization were not observed under the conditions. Other silylating agents did not lead to better yields than TMSOTf (Supplementary Table S2). Several solvents were tested for this transformation. The only other effective solvent was CH2Cl2, which furnished 2 with a similar yield (95%, entry 7). Other solvents did not enable the formation of 2 (Supplementary Table S3). Under the optimal conditions, the reaction could be enlarged to a 1.0 mmol scale without a significant decrease in yield (94%, entry 8).
Based on these results, we attempted the total synthesis of phenanthroindolizidine alkaloids (Figure 1). This family of natural products exhibits a wide range of biological effects, including significant anticancer and antiviral activities (De Fatima Pereira et al., 2015; Jia et al., 2021). Therefore, these alkaloids have been the synthetic targets of numerous research groups over the past few decades (Chemler, 2009; Burtoloso et al., 2014).
[image: Figure 1]FIGURE 1 | The structures of representative phenanthroindolizidine and phenanthroquinolizidine alkaloids.
Our retrosynthetic analysis, based on the above dihydropyridinone synthetic strategy, is depicted in Scheme 2. The B ring of the phenanthroindolizidine skeleton of Ⅰ could be constructed at the last stage of the synthesis via the biaryl coupling of Ⅱ. We envisioned that dihydropyridinone ring of Ⅱ could be formed by the annulation of an amide α-carbon with a tethered alkyne moiety in Ⅲ, according to the above-mentioned method. An obvious disconnection of the amide bond in Ⅲ led to the 2-alkyne-pyrrolidine Ⅳ and 2-arylacetic acid Ⅴ. Pyrrolidine derivative Ⅳ would be accessed by coupling of an aryl halide Ⅵ with the known alkyne Ⅶ. According to this retrosynthetic scheme, many members of this phenanthroindolizidine family and analogs could be synthesized by varying the two coupling partners Ⅴ and Ⅵ. Even, this scheme would permit the synthesis of phenanthroquinolizidine alkaloids if 2-alkyne-piperidine was employed instead of Ⅶ.
[image: Scheme 2]SCHEME 2 | Retrosynthetic route for the synthesis of phenanthroindolizidine alkaloids.
Our synthesis began with the preparation of known alkyne 5 (Scheme 3), which is available in two steps from commercially available N-Boc-d-prolinol (Mercado-Marin et al., 2014). The Sonogashira coupling of 5 with 3,4-dimethoxy phenyl iodide afforded 6a in high yield. Removal of the N-Boc group, followed by EDCI-mediated coupling with 2-arylacetic acid 7a, generated amide 8a in a good overall yield. Application of the developed reaction conditions to 8a was successful, resulting in the formation of 3,6-dihydropyridin-2-one 9a as the major product (90%) after 1 h. Treatment with DBU at 90°C led to the isomerization of 9a to the thermodynamically more favorable 5,6-dihydropyridinone 10a (see Supplementary Material). At this stage, we envisaged that 10a could be obtained directly from the alkyne–amide cyclization. Fortunately, we found modified conditions that allowed the direct formation of 10a from 8a. At an elevated temperature of 60°C for 2 h, 10a was obtained directly from 8a in a 71% yield.
[image: Scheme 3]SCHEME 3 | Synthesis of (−)-antofine (3a). Reagents and conditions: a) Pd(PPh3)4 (0.05 equiv), piperidine/MeCN (1:1), reflux, 3 h, 95%; b) TMSOTf (2.0 equiv), 2,6-lutidine (3.0 equiv), CH2Cl2, 0°C, 10 min; c) 7a (1.2 equiv), EDCI (1.1 equiv), DMAP (1.1 equiv), CH2Cl2, r.t., 12 h, 90% for 2 steps; d) AgNTf2 (0.1 equiv), TMSOTf (4.0 equiv), DIPEA (4.0 equiv), DCE, r.t., 1 h, 90%; e) DBU (4.0 equiv), toluene, 90°C, 30 min, 97%; f) AgNTf2 (0.1 equiv), TMSOTf (4.0 equiv), DIPEA (4.0 equiv), DCE, 60°C, 2 h, 71%; g) PIFA (1.1 equiv), BF3OEt2 (1.5 equiv), CH2Cl2, –10°C, 1 h, 64%; h) LiAlH4 (2.0 equiv), THF, reflux, 1 h, 85%. EDCI = N-Ethylcarbodiimide hydrochloride, DMAP = 4-Dimethylaminopyridine.
The oxidative biaryl coupling of 10a was accomplished with hypervalent iodine reagent phenyliodine(III) bis(trifluoroacetate) (PIFA) to give pentacyclic product 11a in a 64% yield (Kwon et al., 2015). Finally, the amide group of 11a was reduced with LiAlH4 to give (−)-antofine (3a) in an 85% yield (Iwao et al., 1983). Overall, this asymmetric total synthesis was completed in only 8 steps from N-Boc-d-prolinol with a 33% overall yield (5 steps from known 6a and a 35% overall yield).
With an established route to (−)-antofine, we pursued the total synthesis of (−)-tylocrebrine (3b), whose structure differs from that of (−)-antofine (3a) due to the presence of a methoxy group at C-5. Unlike the method for B-ring formation in 3a, radical-mediated oxidative biaryl coupling could not be used for 3b synthesis because of the regioselectivity problem. Therefore, we planned to employ palladium catalyzed C–H annulation (Ghosh et al., 2022; Thombal et al., 2022).
From intermediate 6a, (−)-tylocrebrine (3b) was readily accessible. First, 6a was coupled with 2-arylacetic acid 7b to afford 8b. The annulation of an amide with a tethered alkyne moiety in 8b under the abovementioned conditions gave 5,6-dihydropyridinone 10b directly in a 63% yield. After several trials, we found that the treatment of 10b with Pd(OAc)2 and PCy3·HBF4 as the palladium source and ligand in dioxane, respectively, led to the formation of 11b as the only detectable regioisomer (Campeau et al., 2006; Yadav et al., 2010). After the reduction of the amide group in 11b, (−)-tylocrebrine (3b) was obtained in 5 steps from 6a (Scheme 4).
[image: Scheme 4]SCHEME 4 | Synthesis of (−)-tylocrebrine (3b). Reagents and conditions: a) TMSOTf (2.0 equiv), 2,6-lutidine (3.0 equiv), CH2Cl2, 0°C, 10 min; b) 7b (1.2 equiv), EDCI (1.1 equiv), DMAP (1.1 equiv), CH2Cl2, r.t., 20 h, 96% for 2 steps; c) AgNTf2 (0.1 equiv), TMSOTf (4.0 equiv), DIPEA (4.0 equiv), DCE, 60°C, 2 h, 63%; d) Pd(OAc)2 (0.2 equiv), PCy3.HBF4 (0.4 equiv), K2CO3 (4.0 equiv), 1,4-dioxane, 110°C, 1 h, 65%; e) LiAlH4 (2.0 equiv), THF, reflux, 1 h, 85%.
The same chemistry was used for the total synthesis of (−)-isotylocrebrine (3c). Total synthesis of 3c started from alkyne 5. The Sonogashira coupling of 5 with 2-bromo-1-iodo-3,4-dimethoxybenzene chemoselectively afforded 6c in an excellent yield (Weijiang et al., 2013). After N-Boc group removal, 2-aryl acetic acid 7c was introduced to give amide 8c in a good yield. Under the aforementioned one-pot cyclization/isomerization conditions, 8c would not yield 5,6-dihydropyridinone 10c. Instead, 9c was formed in a high yield. Isomerization to 10c was achieved when 9c was treated with DBU in toluene at 90°C. Palladium-catalyzed B-ring formation, followed by the reduction of the amide group, provided (−)-isotylocrebrine (3c), as shown in Scheme 5.
[image: Scheme 5]SCHEME 5 | Synthesis of (−)-isotylocrebrine (3c). Reagents and conditions: a) Pd(PPh3)4 (0.05 equiv), CuI (0.1 equiv), iPr2NH, r.t., 2 h, 99%; b) TMSOTf (2.0 equiv), 2,6-lutidine (3.0 equiv), CH2Cl2, 0°C, 10 min; c) 7c (1.2 equiv), EDCI (1.1 equiv), DMAP (1.1 equiv), CH2Cl2, r.t., 12 h, 83% for 2 steps; d) AgNTf2 (0.1 equiv), TMSOTf (4.0 equiv), DIPEA (4.0 equiv), DCE, r.t., 1 h, 95%; e) DBU (4.0 equiv), toluene, 90°C, 1.5 h, 87%; f) Pd(OAc)2 (0.2 equiv), PCy3.HBF4 (0.4 equiv), K2CO3 (4.0 equiv), 1,4-dioxane, 110°C, 12 h, 74%; g) LiAlH4 (2.0 equiv), THF, reflux, 1 h, 94%.
Using the same chemistry described for the synthesis of (−)-antofine (3a), we accomplished the total synthesis of the phenanthroquinolizidine alkaloid (−)-cryptopleurine (4a), as shown in Scheme 6. A notable difference is the use of 2-alkyne-piperidine 12 in place of 5. The total synthesis of 4a was accomplished from 12 in 7 steps, using the process shown in Scheme 3. The spectra data and optical rotations of obtained alkaloids 3a, 3b, 3c, and 4a were in good agreement with those reported in the literature (Abe et al., 1995; Suzuki et al., 1995; Stærk et al., 2002; Niphakis et al., 2011).
[image: Scheme 6]SCHEME 6 | Synthesis of (−)-cryptopleurine (4a). Reagents and conditions: a) 3,4-dimethoxyiodobenzene, Pd(PPh3)4 (0.05 equiv), piperidine/MeCN (1:1), r.t., 14 h, 87%; b) TMSOTf (2.0 equiv), 2,6-lutidine (3.0 equiv), CH2Cl2, 0°C, 25 min; c) 7a (1.2 equiv), EDCI (1.1 equiv), DMAP (1.1 equiv), CH2Cl2, r.t., 12 h, 70% for 2 steps; d) AgNTf2 (0.1 equiv), TMSOTf (4.0 equiv), DIPEA (4.0 equiv), DCE, r.t., 2 h, 99%; e) DBU (4.0 equiv), toluene, 90°C, 6 h, 75%; f) PIFA (1.1 equiv), BF3OEt2 (3.0 equiv), CH2Cl2, –10°C, 30 min, 58%; g) LiAlH4 (3.0 equiv), THF, reflux, 30 min, 96%.
3 CONCLUSION
In conclusion, we successfully developed a new synthetic strategy for the construction of functionalized dihydropyridinone rings through the annulation of an amide α-carbon with a tethered alkyne moiety. An unexplored reaction between amide and alkyne was realized through an O-silyl N,O-ketene acetal. Our method was applied for the total synthesis of phenanthroindolizidine and phenanthroquinolizidine alkaloids. Varying the coupling partners allowed for the culminative total synthesis of (−)-antofine (3a), (−)-tylocrebrine (3b), (−)-isotylocrebrine (3c), and (−)-cryptopleurine (4a). Further applications of this reaction for the synthesis of various functional dihydropyridinones and investigation of its extension to the total synthesis of other types of heterocyclic compounds are underway in our laboratory.
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Herein we report a copper-catalyzed synthesis of imidazolidine by employing the reaction of aziridine with imine. The reaction smoothly provided a diverse range of 2-substituted imidazolidines with high compatibility with various functional groups. Moreover, during our investigation, we discovered that isocyanate also reacted with aziridine to yield substituted imidazolidinones efficiently. The versatility of these reactions was further demonstrated by their application in the synthesis of hybrid molecules derived from two pharmaceutical compounds. This approach opens new possibilities for the discovery of novel classes of bioactive molecules.
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1 INTRODUCTION
The construction of saturated nitrogen-containing heterocycles is of utmost importance as they are prevalent structures in a wide range of natural products and pharmaceuticals (Smith et al., 1999; Antonopoulos et al., 2008). Among such saturated azaheterocycles, the synthesis of substituted imidazolidines has received comparatively less attention than other mono-azaheterocycles, such as pyrrolidines. However, given that imidazolidine scaffolds have been identified in numerous bioactive molecules, the development of new synthetic methodologies for accessing these scaffolds is highly important (Figure 1A).
[image: Figure 1]FIGURE 1 | Background of this research.
To access imidazolidine derivatives, aziridines have been widely employed as the starting materials (Figure 1B). Aziridines can be categorized into three types based on their reactivity: i) activated dipolar aziridines (Wu and Zhang, 2012; Shi et al., 2021), ii) activated vinyl aziridines (Lin et al., 2018; Spielmann et al., 2018), and iii) other substituted aziridines (Liu et al., 2017; Sengoden et al., 2017; Li et al., 2018; Tu et al., 2019; Pradhan et al., 2020). For type i), Shi et al. reported in 2021 the reaction of donor-accepter-type aziridines with 1,3,5-triazinanes through a [3 + 2] cycloaddition (Shi et al., 2021). This reaction demonstrated that aziridines can serve as efficient precursors for the synthesis of multi-substituted imidazolidines. Regarding type ii), Spielmann et al. reported the palladium-catalyzed [3 + 2] cycloaddition reaction of vinylaziridines with cyclic imines (Spielmann et al., 2018). The reaction proceeds through the formation of π-allylpalladium intermediate, which then reacts with the cyclic imine to yield the corresponding products. This approach allows for the diastereoselective synthesis of imidazolidine-fused tricyclic molecules. For type iii), Sengoden et al. reported copper-catalyzed reaction of aziridine with N-alkylanilines (Sengoden et al., 2017). This reaction involves the oxidation of aniline derivatives to generate an iminium intermediate in situ, which allows the efficient preparation of N-aryl-N-sulfonylimidazolidines. Despite the availability of various methods for accessing imidazolidines from aziridines, copper-catalyzed reactions of aziridines with imines or isocyanates have remained relatively underdeveloped (Zhu and Chiba, 2016; Bozorov et al., 2019; Pal et al., 2020; Pineschi, 2020; Zhang et al., 2022).
In this context, our previous study demonstrated the reaction of aziridine with diazetidine (Figure 1C), which led to the formation of imidazolidines (Higuchi et al., 2023). While the scope of this reaction was broad to construct various imidazolidines, the synthetic limitation associated with diazetidine hindered its widespread use for accessing imidazolidine derivatives. During our mechanistic investigation, we disclosed that an in situ formed imine reacted with aziridine to form the corresponding imidazolidine. This discovery motivated us to explore the reaction of aziridines with substituted imines to expand the scope of this transformation. Herein, we report the copper-catalyzed synthesis of imidazolidines through the reaction of aziridines with imines (Figure 1D). This transformation exhibits good functional group compatibility to afford the desired products efficiently. Additionally, we have successfully demonstrated that the use of isocyanates instead of imines allows accessing imidazolidinones. We have shown its application in the synthesis of hybrid molecules derived from Celecoxib and NLRP3 inflammasome inhibitor.
2 RESULTS AND DISCUSSIONS
We initiated our study by investigating the ligand effect for the reaction. The treatment of aziridine 1a with imine 2a in the presence of 10 mol% of CuBr and L1 in toluene at 120 °C for 20 h afforded the corresponding imidazolidine 3a in 72% isolated yield (Figure 2A). It is noteworthy that the ligand effect is critical where 6% of 3a was obtained without the addition of L1. Furthermore, CuBr was found to be essential for the reaction, and no product was observed in the absence of both CuBr and L1. We then investigated the effect of ligands (Figure 2B). Although no clear correlation between ligand structure and catalytic activity was observed, 1,10-phenanthroline derivatives showed good results (1H NMR yields using various ligands L2: 74% L3: 49%, L4: 43%). Similarly, 2,2-bipyridine derivatives also promoted the reaction (L5–L8: 14%–72% 1H NMR yields.). After the screening, we decided to use L1 as the optimal ligand because it provided the highest isolated yield.
[image: Figure 2]FIGURE 2 | (A) Reaction of aziridine with imine. (B) Effect of ligand. 1H NMR yields were shown using 1,1,2,2-tetrachloroethane.
The scope of the reaction was investigated (Figure 3). Initially, we examined the substituent effect on imines. The use of electron-withdrawing p-trifluoromethylphenyl group at the R1 position allowed an efficient transformation to give 3b in 80% yield. Other electron-withdrawing groups, such as p-bromo- or p-chlorophenyl groups, provided the corresponding products 3c and 3d in 88% and 84% yields, respectively. It is noteworthy that such halogen moieties can serve as footholds for further transformation. The reactions of electron-donating p-methyl- or p-methoxyphenyl-substituted imines were relatively sluggish, however, both starting materials were completely consumed. Not only p-substituted one but also m-substituted phenylsulfonylimine reacted smoothly converted to 3g in 81% yield. Despite the bulky o-bromo-, or o-nitrophenyl groups, the corresponding products 3h and 3i were obtained in moderate to high yields. Although the yield was not high, imine 2j derived from cinnamaldehyde, was applicable to the reaction to afford 3j in 34% yield. A variety of sulfonyl groups were tolerated under the reaction conditions, where methylsulfonyl (Ms) or o-nitrophenylsulfonyl (Ns)-substituted imines provided 3k and 3l in 84% and 67% yields without the loss of these sulfonyl groups. When electron-donating group-substituted arylsulfonylaziridines were employed, the reactions were less effective and gave 3m and 3n in 25% and 49% yields, respectively. Furthermore, the reaction was applicable to cyclic imine to give 3o in almost quantitative yield. Unsuccessful combinations of substrates are summarized at the bottom of Figure 3. The reactions of N-phenylimine or N-sulfoxyimine with 1a failed to give the corresponding products. Although the reaction of unsubstituted aziridine 1a with imine 2a smoothly provided the products, the reaction of diphenylmethanimine or substituted aziridine failed. This can be attributed to steric hindrance, as the reaction of substituted aziridine proceeded smoothly with methanimine derivatives (Higuchi et al., 2023).
[image: Figure 3]FIGURE 3 | Scope of imidazolidine synthesis. a reaction time: 40 h.
To expand the scope of the reaction, we employed isocyanate 4 as the coupling partner (Figure 4). The reaction of tosylaziridine 1a with phenylisocyanate 4a under the same optimized conditions afforded imidazolidinone 5a in 74% yield. A variety of arylisocyanate was applicable to the reaction where electron-withdrawing p-acetyl-, p-chloro-, or electron-donating p-methoxyphenylisocyanate gave products 5b–5d in 60%–83% yields. When tosylisocyanate was employed as the substrate, product 5e was obtained in 64% yield. We then investigated the scope of substituted aziridines. Compared with the reaction with imine, the reaction with isocyanate showed a broader substrate scope of aziridines. The reaction of vinylaziridine afforded 5f in 43% yield, and no isolable byproduct that reacted with the olefin was observed, leaving less than 20% of vinylaziridine remaining. Other substituents, such as methoxycarbonyl, benzyl, or biphenyl groups, were applicable to the reaction to give 5g–5i in 36%–56% yields. Bicyclic aziridine 1h, which can be prepared from cyclohexene, reacted to give 5j in 22% yield. Although the yield was not high, the formal cis-diamination product can be obtained through this transformation (Minakata et al., 2021).
[image: Figure 4]FIGURE 4 | Scope of imidazolidinone synthesis.
A proposed mechanism is shown in Figure 5. The reaction initiates with the coordination of aziridine 1 to copper catalyst A to give the corresponding intermediate B (or B′). Subsequently, imine 2 attacks to open the aziridine ring to give intermediate C (or C’). Finally, a cyclization reaction takes place from C to give product 3. From the result of the competitive experiment, the electron-donating group might reduce the reactivity of intermediate C, which hampers the cyclization and eventually the turnover of the catalyst. Note that another reaction mechanism can be depicted (see Supplementary Figure S1). At this stage, we considered that the reaction with isocyanate also proceeded through a similar reaction mechanism. Because it is difficult to elucidate the full reaction mechanism, further investigation is ongoing.
[image: Figure 5]FIGURE 5 | Proposed mechanism.
Finally, we applied the developed reaction to synthesize pharmaceutical hybrids (Figure 6). Firstly, we synthesized aziridine 1i from Celecoxib (Ozaki et al., 2021). Aziridine 1i was then reacted with imine 2m, derived from an NLRP3 inflammasome inhibitor, to give 3p in 51% yield. Furthermore, the reaction of aziridine 1i with bis-isocyanate 4f afforded product 5k in 95% yield. These applications clearly demonstrate the excellent functional group compatibility that allows connecting various pharmaceuticals.
[image: Figure 6]FIGURE 6 | Application toward the syntheses of pharmaceutical hybrids.
3 CONCLUSION
In conclusion, we have successfully reported the copper-catalyzed reaction of aziridine with imine and isocyanate, which afforded imidazolidine and imidazolidinone respectively. These developed reactions exhibited broad functional group compatibility to access a diverse array of potential bioactive 5-membered azaheterocycles. Furthermore, to demonstrate the practical applicability of these reactions, we prepared hybrids of pharmaceutical molecules using the developed reactions. These reactions surely facilitate the syntheses of complex azaheterocycles, which will accelerate the discovery of structurally new bioactive molecules in the future.
4 MATERIALS AND METHODS
For experimental procedures and compound characterization data, see the Supplementary Materials.
4.1 Experimental section
4.1.1 Experimental procedures and characterization data
4.1.1.1 General procedure for reaction of aziridine with imine
Aziridine (0.20 mmol, 1.0 equiv.), imine (0.30 mmol, 1.5 equiv.), copper bromide (3.0 mg, 0.020 mmol, 10 mol%), and 2,9-dimethyl-1,10-phenanthroline (4.2 mg, 0.020 mmol, 10 mol%) were added with a stirring bar to a dried Schlenk tube. The tube was filled with nitrogen. Toluene (0.5 mL) was added to the tube and the mixture was stirred at 120°C for 20 h. The crude mixture was passed through a short pad of silica gel and concentrated in vacuo. Purification by chromatography on silica gel provided the desired product.
4.1.1.2 General procedure for reaction of aziridine with isocyanate
Aziridine (0.20 mmol, 1.0 equiv.), isocyanate (0.30 mmol, 1.5 equiv.), copper bromide (3.0 mg, 0.020 mmol, 10 mol%), and 2,9-dimethyl-1,10-phenanthroline (4.2 mg, 0.020 mmol, 10 mol%) were added with a stirring bar to a dried Schlenk tube. The tube was filled with nitrogen. Toluene (0.5 mL) was added to the tube and the mixture was stirred at 120°C for 20 h. The crude mixture was passed through a short pad of silica gel and concentrated in vacuo. Purification by chromatography on silica gel provided the desired product.
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Aziridine had different regioselective ring openings depending on the functional group of its alkyl substituent. In the case of the alkyl group bearing γ-ketone at the C2 substituent of aziridine, the ring opening by the hydroxy nucleophile from H2O occurred by attacking the aziridine carbon at the C2 position. This reaction proceeded efficiently in the presence of CF3CO2H. Interestingly, the same starting aziridine ring bearing the alkyl substituent at the C2 position with the γ-silylated hydroxy group instead of γ-ketone led to the ring-opening reaction by the same oxygen nucleophile at the unsubstituted C3 position, with the breakage of the bond between aziridine N1 nitrogen and carbon at C3. These reaction products were cyclized to afford substituted pyrrolidine and piperidine rings with representative examples of congeners of pseudoconhydrine and monomorine.
[image: Graphical Abstract]GRAPHICAL ABSTRACT | Regioselective ring opening of aziridine for synthesizing azaheterocycle.
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INTRODUCTION
Aziridine, a nitrogen-containing three-membered ring, has been used for the synthesis of various azaheterocycles based on its chemical reactivity and unique regio- and stereoselectivity. In our lab, we have synthesized various azaheterocycles utilizing chiral aziridine in its optically pure forms (Ha et al., 2014; D’hooghe and Ha, 2016). Biologically active compounds including alkaloids with azaheterocycles have been prepared from enantiopure aziridines via aziridine ring formation from its acyclic compounds or its ring transformation (Srivastava et al., 2020). Transformation is mostly based on the formation of aziridinium ion with proper electrophiles and the subsequent ring-opening by nucleophiles either at C2 (pathway b in Scheme 1) or C3 (pathway a in Scheme 1) (Dolfen et al., 2016; Choi et al., 2017; Ranjith and Ha, 2021; Ranjith and Ha, 2022). The nucleophilic ring opening at C2 or C3 is controlled by substituents at the aziridine ring, electrophiles, and nucleophiles to provide acyclic amine A or B. The substituent cyclization gives rise to Cyc-A or Cyc-B (Scheme 1) (Eum et al., 2015; Yadav et al., 2016; Srivastava et al., 2020).
[image: Scheme 1]SCHEME 1 | Aziridine ring-opening reactions by nucleophiles (either a or b) with breakage of bond C3-N (red) or C2-N (Green) to yield A or B. Subsequent cyclization of A or B decorated with the various functional groups(S) gives rise to either Cyc-A or Cyc-B.
Herein, for the first time, we report the involvement of functionalization of 2-substituted aziridine-2-carboxylate to give piperidine alkaloids in an efficient regiochemical pathway of ring-opening reaction. More specifically, 2-(3 silylated-hydroxy and 3-keto alkyl) aziridine (2 and 3) prepared from the same chiral aziridine-2-carboxylate (1) reacted with nucleophiles for the ring-opening. These reactions proceeded in a regioselective manner through either pathway a or b to yield 4 or 5 which was then cyclized to give pyrrolidine (6) or piperidine (7) (Scheme 2).
[image: Scheme 2]SCHEME 2 | Ring-opening of 2-(3-hydroxy and 3-keto alkyl)aziridine (2 and 3) prepared from the same chiral aziridine-2-carboxylate (1) proceeds in a regioselective manner through either pathway a or b to yield 4 or 5 which is then cyclized to give pyrrolidine (6) or piperidine (7).
RESULTS AND DISCUSSION
At first, the ring opening of aziridine was performed to give rise to either terminal amine or internal amines with the breakage of bonds N1-C2 or N1-C3, respectively. For the preparation of piperidine ring, screening of ring-opening reactions were carried out with the compound 1-((S)-1-((R)-1-phenylethyl)aziridin-2-yl)oct-7-en-3-one (3a) as a model substrate in Table 1, which was derived from (2R)-aziridine-2-carboxylates (1) (Its synthetic procedure is described in experimental section).
TABLE 1 | Screening of regioselective opening of ((R)-1-phenylethyl)aziridin-2-yl)oct-7-en-3-one (3a).
[image: Table 1]Starting with a typical protocol for the ring openings of aziridines with neat acetic acid for 4 h at room temperature over the compound ((R)-1-phenylethyl)aziridin-2-yl)oct-7-en-3-one 3a, did not afford any ring-opening product (Table 1, entry 1). Up to date, almost all regiochemical pathway takes to yield internal amines regardless of substituents at the side chain functionality including simple halogen, amine, and hydroxyl groups (Stankovic et al., 2012; Ha et al., 2014). Therefore, we expected internal amine as a ring-opening product with breakage of the bond between N1 and C3 without any substituent. After varying solvents such as 1,4-dioxane and toluene and performing the reaction with acetic acid (1 equiv) at room temperature for 5 h, no ring-opened product was obtained (Table 1, entries 2 and 3) with all starting material stayed as they were. We then switched to another solvent, dichloromethane. A regioselective product with OAc group (R)-5-oxo-1-(((R)-1-phenylethyl)amino)dec-9-en-2-yl acetate 8 was obtained in less than 10% yield (Table 1, entry 4). To increase the yield, the experiment was further carried out with the same acetic acid (1 equiv) in 1,2-dichloroethane and THF for 6 h. However, reactions ended up with the recovery of starting material only (Table 1, entries 5 and 6). Then we switched over to trifluoracetic acid (TFA) as another protic acid. When the representative substrate ((R)-1-phenylmethyl)aziridine-2-yl)oct-7-en-3-one 3a was treated with TFA (1 equiv) in CH3CN:H2O (9:1) for 5 h at the same room temperature, unexpectedly, only regioselective product (R)-2-hydroxy-1-(((R)-1-phenylmethyl)amino)dec-9-en-5-one 8 was obtained in 60% yield (Table 1, entry 7). Changing the mixed solvent ratio of CH3CN:H2O from 9:1 to 2:1, the yield for compound 8 was improved to 75% under the same condition with TFA (1 equiv) (Table 1, entry 8). Inspired by this outcome, the starting compound 3a was treated with the TFA (1 equiv) at room temperature under acetone instead of CH3CN. The yield was further improved to 80%. All these observations can be explained by the solubility and the way of the association between TFA and aziridine. This was further justified by changing the ratio of the acetone and H2O solvent system with the ratio from 9:1 to 2:1 to give its ring-opened product (R)-2-hydroxy-1-(((R)-1-phenylmethyl)amino)dec-9-en-5-one (8) as a single isomer in a 90% yield (Table 1, entry 10). In continuation, switching to strong bronsted acid i,e. sulfuric acid (H2SO4) (1N) (1 equiv) also gave efficient regioselective ring opened product 8 in 82% yield under same acetone and H2O (2:1) solvent system (Table 1, entry 11).
On the basis of the above experiments described in Table 1, a plausible mechanism is proposed as shown in Figure 1. Possibly the reaction is mediated by the protonation of aziridine-nitrogen to form in situ aziridinium ion via a transition state (Ta). In this transition state, nitrogen attached proton, simultaneously interacted with oxygen attached to carbonyl carbon-oxygen via hydrogen bonding. Due to this transition state (Ta), the hydroxy nucleophile from H2O selectively approaches to attack at C2 carbon of the aziridinium ring exclusively in a regioselective manner (Figure 1) (Lopez and Salazar, 2013; Dalabehera et al., 2020). Under the same reaction conditions, other aziridinyl ketones such as 2-β- or 2-δ-ketoalkyl substituted aziridine yielded the mixture of the regioisomers of the ring-opened products which means that the conformation with fluorine is a driving force to determine the position of the nucleophilic attacks.
[image: Figure 1]FIGURE 1 | A schematic representation of plausible transition state (Ta) with keto compound 3a for the regioselective opening of aziridine moiety.
In order to support the plausible mechanistic pathway proposed above, we investigated 1H-NMR spectral change studies for the regioselective ring opening reaction over compound 3a with TFA under deuterated acetone (d6)/D2O (2:1) solvent system (See in Supplementary Material S2; Figure 1). It was interesting to observe firstly an increase in δ ppm values in both N- benzylic (quartet at 4.00 ppm) and methyl protons (doublet at 1.85 ppm) after 20 min. It happened due to the formation of in situ N-aziridinium ion via transition state (Ta). Then after 1 h, the formation of a new quartet (at 4.63 ppm) of N-benzylic and a doublet of newly methyl protons at 1.81 ppm were observed, which confirmed the regioselective ring opening reaction process happened in a concerted manner. Finally, after 4 h formation of product 8 in a protonated form, via the regioselective ring opened process was fully confirmed during 1H-NMR change studies (See in Supplementary Material S2, Figure 1).
After establishing standard reaction conditions for regioselective aziridine ring opening, we then utilized this method for the synthesis of piperidine core 7 bearing substituents at C2. Those structures are cores of congeners analog to pseudoconhydrine (Scheme 3). Accordingly, we started our synthesis from chiral (2R)-aziridine-2-carboxylates (1a) as a starting material. The preparation of compound (E)-methyl 3-((S)-1-((R)-1-phenylethyl)aziridin-2-yl)acrylate (1c) was easily achieved from Swern oxidation of ((R)-1-((R)-1-phenylethyl)aziridin-2-yl)methanol (1b), followed by a Wittig reaction for the two carbon extension, resulting compound 1c in a yield of 82% of isomers with the cis:trans ratio 88:12 using protocols for previously known sequential reactions (Scheme 3) (Lee and Ha, 2003; Yoon et al., 2010). After treatment with 2-nitrobenzenesulfonylhydrazide (NBSH), this olefinic product 1c was then saturated to afford compound 1d in 95% yield (Lee et al., 2009). The saturated methyl ester 1d was then converted to Weinreb amide 1e, followed by a reaction with n-C4H9MgCl, which afforded γ-aziridinyl ketone 2 in 80% yield (Macha and Ha, 2019). Based on the outcomes shown in Table 1, we then treated compound 2 following our established protocol for the regioselective aziridine ring-opening reaction with TFA under the mixed solvent system, acetone and H2O (2:1), at room temperature for 4 h. This yielded a hydroxy opened product 5 in 90% yield. Compound (R)-2-hydroxy-1-(((R)-1-phenylethyl)amino)nonan-5-one (5) was then treated with atmospheric H2 at room temperature under the catalytic amount of Pd(OH)2, yielding cyclic compound, followed by the reaction with CbzCl. These sequential reactions afforded N-Cbz-protected (2S,5R)-benzyl 2-butyl-5-hydroxypiperidine-1-carboxylate (7) (dr > 98:2) in 80% yield of two steps. The formation of compound 7 as a piperidine core skeleton (Macha et al., 2019) was obtained as a congener of pseudoconhydrine piperidine alkaloid (Bates et al., 2011). The formation of piperidine core 7 was executed with one-pot sequential debenzylation under hydrogenolysis followed by in situ cyclized via intramolecular reductive amination. Diastereoselectivity and assigned stereochemistry at the newly created center were then accessed. It was found that hydrogenation of a more stable intermediate imine could derive from a less hindered β-face of the molecule, resulting in a 2,5-trans-piperidine (Lee et al., 2003; Rao and Kumar, 2006) (Figure 2).
[image: Scheme 3]SCHEME 3 | Asymmetric synthesis of congeners of pseudoconhydrine from (2R)-aziridine-2-carboxylate (1) via regioselective aziridine ring opening reaction as a key step.
[image: Figure 2]FIGURE 2 | A Stereochemical aspect for one-pot hydrogenation of reductive amination for the synthesis of 2,5-trans piperidine core (7).
In addition, when compound 7 was further treated for oxidation under Dess-Martin periodinane, it produced 2-butyl-5-oxopiperidine (9) in 80% yield. Synthesizing this structural type of piperidone 9 (Ying et al., 2018; Lin et al., 2022) is an important intermediate to preparing various other biologically important 3-substituted piperidines (Vataku et al., 2014). The synthesis of 2-alkyl 5-hydroxy piperidine (7) and 2- alkyl 5-piperidone (9) with diverse substituents at C2 can be achieved efficiently using our regioselective opening protocol for γ-aziridinyl ketone which is prepared from commercially available (2R) aziridine −2 carboxylate at ease.
Encouraged by the synthesis of piperidine core, we decided to synthesize pyrrolidine core moiety 11 in which two alkyl groups at C2 and C5 of pyrrolidine are in a cis-stereo relationship (Scheme 4). Accordingly, a regioselective aziridine ring opening driven by the breakage of the bond between N1 and C3 of 2-alkyl aziridine is needed. This could be again prepared from the same starting substrate 1d, which was achieved from chiral aziridine-2-carboxylate (1a) at ease. Ester 1d was reduced to aldehyde by DIBAL and then alkylated with n-butyl magnesium chloride in dry THF to give alcohol (10) in 82% yield for both diastereomers. The stereoselectivity of this alcohol was almost 1:1, which was not important because it would be oxidized for the formation of a pyrrolidine ring (Scheme 4). Both diastereomeric products 10 were treated with TBSOTf under 2,6-lutidine to afford silyl-protected 11 with a yield of 85%. Compound 11 was then subject to a regioselective aziridine ring-opening reaction under acetic acid conditions to give acetate-opened product 12 in a 90% yield (Singh et al., 2011). The drastic difference in the regioselectivity of 11 from the case of γ-ketoalkyl substituent (2) could be explained by the difference in the transition state (Figures 1, 3). A plausible transition state for the regioselective opening of 11 is only protonation of aziridine ring to form aziridinium ion in transition state 11, followed by opening of aziridinium ion by oxygen nucleophiles from less-hindered C3 site (Figure 3).
[image: Scheme 4]SCHEME 4 | Asymmetric synthesis of monomorine from (2R)-aziridine-2-carboxylate (1) via regioselective aziridine ring opening reaction as a key step.
[image: Figure 3]FIGURE 3 | A plausible transition state for a regioselective opening of 11.
As expected from the previous studies, we observed a ring-opened product with breakage of N1 and C3 bearing substituent which was different from a ring-opened product of γ-keto aziridine. To determine the regiochemical difference by acid, we treated compound 11 with CF3CO2H as shown in entry 10 of Table 1. It failed to give a ring-opened product with a decent yield. After achieving acetate compound 12, it was treated under HF. Pyridine condition in dry THF to give hydroxy compound 13 in a yield of 80%. Surprisingly, the triers to oxidize 13 under various oxidation conditions were unable to yield an oxidized product in a decent yield. Changing the 2-phenylethyl to N-Cbz as protecting group from sequential reactions consisting of debenzylation followed by CbzCl in LiHMDS base at 0 °C afforded compound 14 in 80% yield. With the known established protocol of oxidation (Srivastava and Ha, 2022) followed by deprotection of Cbz and cyclization under hydrogen in catalytic Pd(OH)2 gave 2,5-cis pyrrolidine (6′), the essential core skeleton of many pyrrolidines and indolizidine alkaloids including monomorine (Wang et al., 2009; Michael, 2016).
CONCLUSION
In conclusion, we have successfully developed a regioselective ring opening reaction of aziridine moiety. The key feature includes the involvement of the functional group (γ-ketone or γ-silylated hydroxy group) present at the alkyl substituent of aziridine, which played a crucial role in the regioselective ring opening reaction of aziridine. In the case of γ-ketone group, the ring opening of aziridine occurred at carbon C2 position by hydroxy nucleophile from H2O under TFA condition in an efficient manner. Interestingly, in the case of γ-silylated hydroxy group present at the alkyl substituent of aziridine, the regioselective ring-opening reaction occurred at unsubstituted carbon C3 position of aziridine by the acetate oxygen nucleophile under acetic acid condition. These reaction products were cyclized to afford substituted pyrrolidine and piperidine rings with representative examples of congeners of pseudoconhydrine and monomorine.
EXPERIMENTAL SECTION
Materials and methods
General Remarks. Chiral aziridine-2-carboxylates were obtained as their methyl ester from Sigma-Aldrich as reagents and from Imagene Co., Ltd. (http://www.imagene.co.kr/) in bulk quantities. Their corresponding ethyl esters were also obtained either from the transesterification of methyl ester or from Imagene (http://www.imagene.co.kr/) in bulk quantities. All commercially available compounds were used as received unless stated otherwise. All reactions were carried out under an atmosphere of nitrogen in oven-dried glassware with a magnetic stirrer. Reactions were monitored by thin layer chromatography (TLC) with 0.25 mm·E. Merck pre-coated silica gel plates (60 F254). Visualization was accomplished with either UV light or by immersion in a solution of ninhydrin, p-anisaldehyde, or phosphomolybdic acid (PMA) followed by heating on a hot plate for about 10 s. Purification of the reaction product was carried out by flash chromatography using Kieselgel 60 Art 9385 (230–400 mesh). 1H NMR and 13C NMR spectra were obtained using Varian unity INOVA 400WB (400 MHz) or Bruker AVANCE III HD (400 MHz) spectrometer. Chemical shifts are reported relative to chloroform (δ = 7.26) for 1H NMR and chloroform (δ = 77.0) for 13C{1H} proton-decoupled carbon NMR. Data are reported as (br = broad, s = singlet, d = doublet, t = triplet, q = quartet, p = quintet, m = multiplet). Coupling constants are given in Hz. Ambiguous assignments were resolved based on standard one-dimensional proton decoupling experiments. Optical rotations were obtained using a Rudolph Autopol III digital polarimeter and a JASCO P-2000. Optical rotation data are reported as follows [α]20 (concentration c = g/100 mL, solvent). High-resolution mass spectra were recorded on a 4.7 T Ion Spec ESI-TOFMS, JEOL (JMS-700). An AB Sciex 4800 Plus MALDI TOFTM (2,5-dihydroxybenzoic acid (DHB) matrix was used to prepare samples for MS. Data were obtained in the reflector positive mode with internal standards for calibration.
TYPICAL PROCEDURE AND CHARACTERISTIC DATA
1-((S)-1-((R)-1-phenylethyl)aziridin-2-yl)oct-7-en-3-one compound: (3a)
To a stirred solution of chiral N-methoxy-N-methyl-3-((S)-1-((R)-1-phenylethyl)aziridin-2-yl)propanamide (1e) (500 mg, 1.9 mmol, 1.0 equiv.) in dry THF (25 mL) at 0°C, 4-pentenylmagnesium bromide solution C5H9MgBr (4.0 mL, 0.5 M in THF, 3.81 mmol) was added. The reaction mixture was slowly warmed to room temperature and stirred for 0.5 h. After completion as per TLC indication, the reaction was quenched with saturated NH4Cl (3 mL). The crude mixture was extracted with EtOAc (3 × 15 mL), dried over anhydrous Na2SO4, and concentrated under vacuum to afford crude product 3a, which was then purified by column chromatography to give compound 1-((S)-1-((R)-1-phenylethyl)aziridin-2-yl)oct-7-en-3-one (3a) as a viscous liquid (415 mg, 80% yield), TLC Rf (30% EtOAc/hexane = 0.30).
[α]20D = + 25.8 (c = 0.7, MeOH); 1H NMR (400 MHz, CDCl3): δ 7.40–7.25 (m, 5 H), 5.87–5.73 (m, 1 H), 5.08–4.97 (m, 2 H), 2.68–2.57 (m, 2 H), 2.48 (t, J = 7.4 Hz, 2 H), 2.41 (q, J = 6.2 Hz, 1 H), 2.13–2.04 (m, 1 H), 2.02–1.89 (m, 1 H), 1.80–1.66 (m, 2 H), 1.60–1.53 (m, 2 H), 1.51–1.48 (m, 1 H), 1.43 (d, J = 6.6 Hz, 3 H), 1.32–1.27 (m, 1 H); 13C NMR (101 MHz, CDCl3): 210.43, 144.44, 137.95, 128.24, 126.90, 126.73, 115.20, 69.60, 41.83, 40.48, 39.32, 33.47, 33.06, 27.05, 23.31, 22.70; HRMS-ESI (m/z) [M+H]+ calcd. for C18H26NO+ 272.2014; found 272.2006.
(R)-2-hydroxy-1-(((R)-1-phenylethyl)amino)dec-9-en-5-one: (8)
To a stirred solution of 1-((S)-1-((R)-1-phenylethyl)aziridin-2-yl)oct-7-en-3-one (3a) (165 mg, 0.60 mmol) in acetone (2.0 mL) and water (1.0 mL) solvent system, trifluoro acetic acid (TFA) (0.05 mL, 0.87 mmol, 1.0 equiv.) was added at 0°C. The mixture was then stirred at room temperature for 4 h. After completion of the reaction per TLC indication, the reaction was quenched with a saturated solution of NaHCO3 (1 mL) and extracted with CH2Cl2 (4 × 10 mL). After concentrating under vacuum, the crude product was purified by flash column chromatography on silica gel to afford a pure product 8 (157 mg, 90%) TLC Rf (90% EtOAc/hexane = 0.1).
[α]20D = + 18.2 (c = 0.14, MeOH); 1H NMR (400 MHz, CDCl3): δ 7.40–7.20 (m, 5 H), 5.86–5.68 (m, 1 H), 5.06–4.91 (m, 2 H), 3.81–3.70 (m, 1 H), 3.53–3.37 (m, 1 H), 2.63–2.45 (m, 2 H), 2.45–2.36 (m, 2 H), 2.11–1.96 (m, 2 H), 1.74–1.51 (m, 3 H), 1.42–1.33 (m, 3 H); 13C NMR (101 MHz, CDCl3): δ 211.26, 144.82, 137.94, 128.55, 127.15, 126.45, 115.18, 69.36, 58.61, 53.38, 41.97, 38.91, 33.04, 28.55, 23.83, 22.77; HRMS-ESI (m/z) [M+H]+calcd. for C18H28NO2+ 290.2120; found 290.2115.
(Z)-methyl 3-((S)-1-((R)-1-phenylethyl)aziridin-2-yl)acrylate: (1c)
To a stirred solution of oxalyl chloride (3.62 mL, 42.31 mmol, 1.5 equiv) in CH2Cl2 (80 mL) at −78°C, dimethyl sulfoxide (6.01 mL, 84.63 mmol, 3.0 equiv.) was added over 15 min. The resulting mixture was stirred for another 40 min. Then a solution of ((R)-1-((R)-1-phenylethyl)aziridin-2-yl)methanol 1b (5.0 g, 28.21 mmol) in CH2Cl2 (30 mL) was added dropwise at the same temperature. The reaction mixture was stirred for 1.5 h at the same temperature. Triethylamine (11.81 mL, 42.31 mmol, 3.0 equiv.) was then added at −78°C and allowed to stir at the same temperature for 30 min. It was then warmed to 0°C and stirred for 30 min. After completion of the reaction per TLC indication, the reaction mixture was quenched with water (80 mL) and extracted with CH2Cl2 (2 × 100 mL). Combined organic layers were dried over anhydrous Na2SO4 and concentrated under reduced pressure to obtain a crude aldehyde which was used for the Wittig reaction without further purification.
To a solution of [(1R)-phenylethylaziridine]-(2R)-carboxaldehyde (3.0 g, 17.12 mmol, 1.0 equiv) in MeOH (34 mL), methyl triphenylphosphoranylideneacetate (6.86 g, 20.54 mmol, 1.2 equiv.) was added at 0°C. The resulting mixture was allowed to stir for 1 h at 0°C. After completion of the reaction, methanol was removed under vacuum and H2O (2 × 50 mL) was added to the reaction mixture. The organic layer was then extracted with CH2Cl2 (3 × 100 mL), dried over anhydrous Na2SO4, and concentrated under a vacuum. The crude product was purified by flash column chromatography on silica gel to afford a pure product (Z)-methyl 3-((S)-1-((R)-1-phenylethyl) aziridin-2-yl)acrylate 1c (3.2 g, 82%) TLC Rf (30% EtOAc/hexane = 0.4).
[α]D = +58.3 (c = 16.20, in CHCl3); 1H NMR (400 MHz, CDCl3): δ 7.43–7.22 (m, 6 H), 6.78 (dt, J = 13.1, 6.6 Hz, 1 H), 6.20–6.09 (m, 1 H), 5.98–5.82 (m, 2 H), 3.78 (s, 3 H), 2.66–2.59 (m, 1 H), 2.21–2.10 (m, 1 H), 1.86–1.72 (m, 2 H), 1.70–1.63 (m, 1 H), 1.47 (t, J = 6.8 Hz, 1 H), 1.43 (dd, J = 6.5, 1.6 Hz, 1 H); 13C NMR (101 MHz, CDCl3): δ 166.57, 150.51, 148.54, 143.78, 128.25, 127.01, 126.64, 126.61, 121.22, 120.17, 69.62, 51.09, 39.45, 37.32, 22.89; HRMS-ESI (m/z) [M+1]+calcd. for C14H18NO2+ 231.1337; found C14H18NO2+- H+ 231.1331.
Methyl 3-((S)-1-((R)-1-phenylethyl)aziridin-2-yl)propanoate (1d)
To a stirred solution of olefin, 1c (2.0 g, 8.64 mmol) in CH2Cl2 (24 mL) at 0°C, 2-nitrobenzenesulfonylhydrazide (NBSH) (7.5 g, 34.58 mmol, 4.0 equiv) was added. Then triethylamine (10.0 mL, 69.17 mmol, 8.0 equiv) was added in a dropwise manner at the same 0°C. The reaction mixture was then allowed to stir at room temperature for an additional 12 h. After completion of starting material as confirmed by TLC, the reaction mixture was quenched with saturated NaHCO3 solution, extracted with CH2Cl2 (3 × 50 mL), and concentrated under vacuum to give a crude product 1d, which was then purified by column chromatography to give compound methyl 3-((S)-1-((R)-1-phenylethyl)aziridin-2-yl)propanoate (1d) as a viscous liquid (1.72 g, 85% yield), TLC Rf (40% EtOAc/hexane = 0.30).
[α]20D = + 35.4 (c = 0.32, MeOH); 1H NMR (400 MHz, CDCl3): δ 7.40–7.23 (m, 5 H), 3.72 (s, 3 H), 2.58–2.51 (m, 2 H), 2.42 (q, J = 6.5 Hz, 1 H), 2.02–1.93 (m, 1 H), 1.65–1.58 (m, 2 H), 1.52 (d, J = 3.2 Hz, 1H), 1.44 (d, J = 6.6 Hz, 3 H), 1.36–1.27 (m, 1 H); 13C NMR (101 MHz, CDCl3) δ 173.71, 144.49, 128.22, 126.87, 126.71, 69.60, 51.52, 39.10, 33.41, 31.91, 28.26, 23.27; HRMS-ESI (m/z) [M+H]+calcd. for C14H20NO2+ 234.1494; found 234.1486.
N-methoxy-N-methyl-3-((S)-1-((R)-1-phenylethyl)aziridin-2-yl)propanamide (1e)
To a stirred solution of saturated ester 1d (1.5 g, 6.42 mmol, 1.0 equiv.) and N,O-dimethylhydroxylamine hydrochloride (1.15 g, 9.64 mmol, 1.5 equiv.) in dry THF (22 mL) at 0°C, i-PrMgCl (9.6 mL, 2.0 M in THF, 19.28 mmol, 3.0 equiv.) was slowly added. The reaction mixture was stirred for 1 h at the same 0°C. After completion of the reaction as per TLC, the reaction mixture was quenched with saturated NH4Cl solution (2 mL) and extracted with EtOAc (4 × 50 mL). Combined organic layers were dried over anhydrous Na2SO4. Under vacuum, solvents were removed to obtain a crude amide product, which was purified by column chromatography to give a pure Weinreb amide product (1e) (1.40 g, 83% yield), TLC Rf (90% EtOAc/hexane = 0.1).
[α]20D = + 28.3 (c = 0.70, MeOH); 1H NMR (400 MHz, CDCl3): δ 7.37–7.15 (m, 5 H), 3.63 (d, J = 14.7 Hz, 3 H), 3.17–3.09 (m, 3 H), 2.60 (dd, J = 14.3, 8.6 Hz, 2 H), 2.37 (q, J = 6.5 Hz, 1 H), 1.98–1.86 (m, 1 H), 1.65–1.51 (m, 2 H), 1.46 (d, J = 3.3 Hz, 1 H), 1.39 (d, J = 6.6 Hz, 3 H), 1.25 (d, J = 6.3 Hz, 1 H);13C NMR (101 MHz, CDCl3): δ 173.76, 144.20, 127.90, 126.54, 126.43, 69.23, 60.81, 39.24, 33.25, 31.83, 29.36, 27.46, 23.01; HRMS-ESI (m/z) [M+H]+calcd. for C15H23N2O2+ 263.1759; found 263.1751.
1-((S)-1-((R)-1-phenylethyl)aziridin-2-yl)heptan-3-one: (2)
To a stirred solution of Weinreb amide 1e (1.0 g, 3.8 mmol, 1.0 equiv.) in dry THF (50 mL) at 0°C, n-Butylmagnesium chloride solution C4H9MgCl (1.9 mL, 2.0 M in Ether, 1.90 mmol) was added. The reaction mixture was slowly warmed to room temperature and stirred for 0.5 h. After completion of the reaction as per TLC, the reaction mixture was quenched with NH4Cl solution and extracted with EtOAc (3 × 80 mL). Combined organic layers were dried over Na2SO4 and concentrated in vacuo, which was then purified by silica gel column chromatography to afford ketone product 2 (830 mg, 80% yield) TLC Rf (60% EtOAc/hexane = 0.5).
[α]20D = + 51.0 (c = 0.06, MeOH); 1H NMR (400 MHz, CDCl3): δ 7.42–7.32 (m, 3 H), 7.31–7.21 (m, 2 H), 2.70–2.58 (m, 1 H), 2.47 (dd, J = 9.3, 5.6 Hz, 2 H), 2.41 (q, J = 6.5 Hz, 1 H), 2.01–1.89 (m, 3 H), 1.66–1.53 (m, 1 H), 1.52–1.48 (m, 1 H), 1.43 (d, J = 6.6 Hz, 3 H), 1.40–1.26 (m, 1 H), 0.98–0.90 (m, 3 H); 13C NMR (101 MHz, CDCl3): δ 210.77, 144.51, 128.26, 126.91, 126.75, 69.64, 42.52, 40.40, 39.36, 33.49, 27.10, 25.94, 23.32, 22.35, 13.85; HRMS-ESI (m/z) [M+H]+calcd. for C17H26NO+ 260.2014; found 260.2003.
(R)-2-hydroxy-1-(((R)-1-phenylethyl)amino)nonan-5-one: (5)
The procedure was analogous to that used for preparing compound 8 using 1-((S)-1-((R)-1-phenylethyl)aziridin-2-yl)heptan-3-one (2) (800 mg, 3.084 mmol, 1.0 equiv.) in an acetone (10.0 mL) and water (5.0 mL) solvent system with trifluoro acetic acid (TFA) (0.23 mL, 3.08 mmol, 1.0 equiv) to afford compound (R)-2-hydroxy-1-(((R)-1-phenylethyl)amino)nonan-5-one (5) (760 mg, 90% yield), TLC Rf (90% EtOAc/hexane = 0.1).
[α]20D = + 87.2 (c = 0.14, MeOH); 1H NMR (400 MHz, CDCl3): 7.49–7.11 (m, 5H), 3.87–3.66 (m, 1H), 3.54–3.32 (m, 1H), 2.63–2.43 (m, 3H), 2.40–2.31 (m, 3H), 1.77–1.63 (m, 1H), 1.61–1.46 (m, 3H), 1.44–1.36 (m, 3H), 1.32–1.20 (m, 2H), 0.96–0.82 (m, 3H); 13C NMR (101 MHz, CDCl3): δ 211.63, 144.80, 128.57, 127.19, 126.48, 69.35, 58.61, 53.37, 42.64, 38.82, 28.56, 25.96, 23.79, 22.32, 13.83; HRMS-ESI (m/z) [M+H]+calcd. for C17H28NO2+ 278.2120; found 278.2114.
(2R,5R)-benzyl 2-butyl-5-hydroxypiperidine-1-carboxylate: (7)
Compound 5 (600 mg, 2.16 mmol) was taken in MeOH (10 mL) and degassed with N2 for 2 h. Then 20% Pd(OH)2/C (242 mg, 1.7 mmol, 0.8 equiv) was added and the mixture was hydrogenated under an atmospheric pressure of hydrogen for 16 h. After completion of the reaction as per TLC, the reaction mixture was diluted with MeOH (20 mL) and filtered on a pad of Celite using MeOH as solvent. The filtrate was concentrated under vacuum and crude product was used for N-Cbz protection reaction without purification.
To a solution of crude product (325 mg) in dry CH2Cl2 (5 mL), triethyl amine (0.5 mL, 3.25 mmol, 1.6 equiv.) and benzyl chloroformate (CbzCl) (0.43 mL, 3.05 mmol, 1.5 equiv.) were added at 0°C. Then resulting mixture was allowed to stir at room temperature for 3 h. After completion of the reaction, the reaction was quenched with H2O (2 mL). The organic layer was then extracted with CH2Cl2 (2 × 20 mL), dried over anhydrous Na2SO4, and concentrated under vacuum to give an N-Cbz protected piperidine crude product, which was then purified by flash column chromatography on silica gel to afford a pure product (2R,5R)-benzyl 2-butyl-5-hydroxypiperidine-1-carboxylate (7) (412 mg, 70% yield for 2 steps) TLC Rf (40% EtOAc/hexane = 0.3).
[α]20D = −9.3 (c = 0.30, MeOH); 1H NMR (400 MHz, CDCl3): δ 7.44–7.29 (m, 5H), 5.16 (q, J = 12.3 Hz, 2H), 4.33 (s, 1H), 4.12 (s, 1H), 3.90 (d, J = 38.5 Hz, 1H), 3.05 (d, J = 14.0 Hz, 1H), 2.21–1.93 (m, 2H), 1.84–1.58 (m, 3H), 1.46–1.11 (m, 6H), 0.88 (t, J = 6.4 Hz, 3H); 13C NMR (101 MHz, CDCl3): δ 156.52, 136.76, 128.42, 127.89, 127.77, 67.08, 64.47, 50.59, 44.76, 28.73, 28.46, 25.40, 22.54, 14.05; HRMS-ESI (m/z) [M+H]+calcd. for C17H26NO3+ 292.1912; found 292.1905.
(R)-benzyl 2-butyl-5-oxopiperidine-1-carboxylate: (9)
To a stirred solution of 7 (200 mg, 0.68 mmol, 1.0 equiv) in CH2Cl2 (15 mL), Dess-Martin periodinane (DMP) (581 mg, 1.37 mmol, 2.0 equiv) was added at 0°C. After 10 min, the reaction mixture was allowed to stir for an additional 8 h at room temperature. After completion of the reaction as per TLC, the reaction mixture was filtered on a pad of Celite using CH2Cl2 (2 × 5 mL) as solvent. The saturated NaHCO3 (5 mL) was used to treat the filtrate. Combined organic extracts were washed with CH2Cl2 (2 × 15 mL), dried over anhydrous Na2SO4, and concentrated in vacuo. The residue was purified by flash chromatography on silica gel to provide keto compound 9 (158 mg, 80%) as a liquid, TLC Rf (30% EtOAc/hexane = 0.5).
[α]20D = +48.0 (c = 0.55, MeOH); 1H NMR (400 MHz, CDCl3): δ 7.50–7.32 (m, 5H), 5.28–5.08 (m, 2H), 4.68–4.44 (m, 1H), 4.40–4.18 (m, 1H), 3.62 (d, J = 17.7 Hz, 1H), 2.44 (t, J = 6.7 Hz, 2H), 2.24 (m, 1H), 1.68 (m, 2H), 1.54 (m, 1H), 1.32 (m, 4H), 0.98–0.84 (m, 3H); 13C NMR (101 MHz, CDCl3): δ 207.37, 166.95, 136.29, 128.52, 128.16, 127.99, 67.50, 50.81, 50.40, 35.69, 27.90, 22.51, 13.97; HRMS-ESI (m/z) [M+H]+calcd. for C17H24NO3+ 290.1756; found 290.1748.
1-((S)-1-((R)-1-phenylethyl)aziridin-2-yl)heptan-3-ol: (10)
To a stirred solution of methyl 3-((S)-1-((R)-1-phenylethyl) aziridine-2-yl)propanoate (1d) (2 g, 8.57 mmol, 1.0 equiv) in dry CH2Cl2 (40 mL), a solution of diisobutylaluminum hydride solution (DIBAL-H) (9.4 mL, 1.0 M in Toluene, 9.43 mmol) was added dropwise at—78°C. The reaction mixture was allowed to stir for 2 h at the same temperature. After completion of the reaction as per TLC indication, the reaction was quenched with a saturated solution of Na-k tartarate (10 mL) at 0°C. The reaction mixture was then stirred for an additional 1 h. The crude mixture was extracted with CH2Cl2 (3 × 20 mL), dried over anhydrous Na2SO4, and concentrated under vacuum to afford crude aldehyde, which was used for the next step without further purification.
To a stirred solution of crude aldehyde in dry THF (40 mL) at 0°C, n-butylmagnesium chloride solution C4H9MgCl (4.1 mL, 2.0 M in ether, 4.0 mmol) was added. The reaction mixture was allowed to stir for 2 h at the same temperature. After completion of the reaction per TLC indication, the reaction mixture was quenched with saturated NH4Cl solution and extracted with EtOAc (2 × 100 mL). Combined organic layers were dried over Na2SO4 and concentrated in vacuo to afford a crude product which was then purified by silica gel column chromatography to afford diastereomeric (1:1) hydroxy compound 10 (1.82 g, 80% yield for two steps) at the same Rf, TLC Rf (40% EtOAc/hexane = 0.5).
[α]20D = + 55.2 (c = 0.11, MeOH);1H NMR (400 MHz, CDCl3): δ 7.43–7.24 (m, 10H), 3.67–3.52 (m, 1H), 2.56–2.50 (m, 1H), 2.49–2.43 (m, 1H), 2.06–1.88 (m, 1H), 1.79–1.69 (m, 2H), 1.69–1.64 (m, 2H), 1.60 (qd, J = 4.0, 1.9 Hz, 3H), 1.54–1.42 (m, 11H), 1.41–1.31 (m, 4H), 1.30–1.26 (m, 1H), 1.04–0.85 (m, 6H); 13C NMR (101 MHz, CDCl3): δ 144.22, 144.04, 128.31, 127.00, 126.75, 71.56, 69.81, 39.96, 39.68, 37.34, 33.88, 33.21, 28.82, 28.67, 27.97, 23.37, 22.84, 14.08; HRMS-ESI (m/z) [M+H]+calcd. for C17H27NO+ 262.2171; found 262.2160.
(2S)-2-(3-((tert-butyldimethylsilyl)oxy)heptyl)-1-((R)-1-phenylethyl)aziridine: (11)
Tert-butyldimethylsilyltrifluoromethane sulfonate (TBSOTf) (1.5 mL, 6.73 mmol, 1.1 equiv) was slowly added to a cooled solution (0°C) of alcohol 10 (1.6 g, 6.12 mmol, 1.0 equiv) and 2,6-lutidine (1.4 mL, 12.24 mmol, 2.0 equiv) in dry CH2Cl2 (30 mL). After 20 min, the reaction mixture was diluted with CH2Cl2 (20 mL), quenched with water, and extracted with CH2Cl2 (2 × 15 mL). Combined organic layers were dried over anhydrous Na2SO4 and concentrated in vacuo to obtain a crude product which was purified by flash column chromatography to afford TBS protected compound 11 (1.92 g, 85% yield) TLC Rf (20% EtOAc/hexane = 0.6).
[α]20D = + 26.2 (c = 0.5, MeOH); 1H NMR (400 MHz, CDCl3): δ 7.46–7.26 (m, 10H), 3.90–3.53 (m, 2H), 2.46–2.34 (m, 2H), 1.85–1.51 (m, 3H), 1.51–1.43 (m, 10H), 1.39–1.23 (m, 6H), 0.96–0.86 (m, 18H), 0.12–0.06 (m, 6H), 0.04 (s, 6H); 13C NMR (101 MHz, CDCl3): δ 144.65, 128.24, 126.84, 72.27, 72.21, 71.92, 71.84, 69.89, 40.76, 37.12, 36.57, 35.14, 34.98, 33.36, 29.42, 28.64, 27.50, 25.95, 25.91, 25.70, 25.66, 23.29, 22.87, 18.14, 18.11, 14.11, −2.96, −4.37; HRMS-ESI (m/z) [M+H]+calcd. for C23H42NOSi+ 376.3035; found 376.3023.
(2S)-5-((tert-butyldimethylsilyl)oxy)-2-(((R)-1-phenylethyl)amino)nonyl acetate (12)
To (2S)-2-(3-((tert-butyldimethylsilyl)oxy)heptyl)-1-((R)-1-phenylethyl)aziridine (11) (800 mg, 2.12 mmol) in CH2Cl2 (10 mL), acetic acid (0.3 mL, 4.25 mmol, 2.5 equiv) was added at 0°C. The reaction mixture was allowed to stir at room temperature for 12 h. After completion of the reaction per TLC indication, the reaction mixture was quenched with a saturated solution of NaHCO3 (5 mL), extracted with CH2Cl2 (3 × 15 mL), and concentrated under vacuum to obtain a crude product which was then purified by flash column chromatography on silica gel to afford a pure product 12 (820 mg, 89%) TLC Rf (20% EtOAc/hexane = 0.5).
[α]20D = + 38.2 (c = 0.70, MeOH);1H NMR (400 MHz, CDCl3): δ 7.40–7.16 (m, 10H), 4.05–3.94 (m, 1H), 3.92–3.81 (m, 3H), 3.71–3.53 (m, 1H), 2.72–2.45 (m, 1H), 2.07–2.01 (m, 6H), 1.62–1.53 (m, 3H), 1.50–1.38 (m, 3H), 1.36–1.31 (m, 4H), 1.30–1.21 (m, 3H), 0.92–0.85 (m, 18H), 0.05–0.00 (m, 12H); 13C NMR (101 MHz, CDCl3): δ 171.01, 145.76, 145.72, 128.40, 126.93, 126.52, 72.06, 72.02, 66.86, 66.83, 55.23, 55.17, 53.61, 36.62, 32.59, 27.49, 26.50, 25.91, 24.79, 22.86, 20.92, 18.10, 14.11, −4.47; HRMS-ESI (m/z) [M+H]+calcd. for C25H46NO3Si+ 436.3247; found 436.3234.
(2S)-5-hydroxy-2-(((R)-1-phenylethyl)amino)nonyl acetate (13)
To a stirred solution of 12 (500 mg, 1.14 mmol) in dry THF (12 mL) in a polypropylene vial HF-Py complex (70%, 0.4 mL) at 0°C was added. The reaction mixture was slowly raised to room temperature and stirred for 12 h. After completion of the reaction per TLC indication, the reaction mixture was cautiously quenched with saturated aqueous NaHCO3 and stirred for 20 min. Then both layers were separated. The aqueous layer was further extracted with EtOAc (2 × 20 mL). Combined organic layers were washed with saturated aqueous CuSO4 (5 mL), water (5 mL), and brine (5 mL), dried over Na2SO4, and concentrated in vacuo to obtain a crude product, which was then purified by flash column chromatography on silica gel to afford a pure product 13 (295 mg, 80%) TLC Rf (70% EtOAc/hexane = 0.2).
[α]20D =—51.2 (c = 0.22, MeOH); 1H NMR (400 MHz, CDCl3): δ 7.51–7.12 (m, 10H), 4.17–4.02 (m, 2H), 4.02–3.94 (m, 2H), 3.93–3.81 (m, 2H), 3.63–3.43 (m, 1H), 3.06–2.81 (m, 1H), 2.81–2.60 (m, 1H), 2.13–1.94 (m, 6H), 1.84–1.45 (m, 4H), 1.46–1.16 (m, 9H), 1.03–0.71 (m, 6H); 13C NMR (101 MHz, CDCl3): δ 170.77, 170.67, 144.95, 144.65, 128.51, 128.47, 127.18, 127.12, 126.38, 126.26, 71.66, 71.25, 66.17, 65.82, 55.22, 54.92, 54.20, 52.68, 37.22, 37.15, 34.45, 32.82, 29.59, 27.95, 27.92, 27.59, 23.78, 23.00, 22.71, 22.69, 20.71, 13.99; HRMS-ESI (m/z) [M+H]+calcd. for C19H32NO3+ 322.2382; found 322.2372.
(2S)-2-(((benzyloxy)carbonyl)amino)-5-hydroxynonyl acetate: (14)
Compound 13 (250 mg, 0.77 mmol) was taken in MeOH (10 mL) and degassed with N2 for 1 h. Then 20% Pd(OH)2/C (218 mg, 1.55 mmol, 2.0 equiv) was added and the mixture was hydrogenated under an atmospheric pressure of hydrogen for 16 h. The reaction mixture was diluted with MeOH (15 mL) and filtered on a pad of Celite using MeOH as a solvent. The filtrate was concentrated under a vacuum to obtain a crude product which was used for the N-Cbz protection reaction without purification.
To a solution of crude product in dry THF (8 mL), LiHMDS (0.4 mL, 0.44 mmol, 1.2 equiv), benzyl chloroformate (CbzCl) (0.2 mL, 0.58 mmol, 1.6 equiv) were added at 0°C. The resulting mixture was allowed to stir at the same temperature for 3 h. After completion of the reaction, the mixture was quenched with H2O (3 mL). The organic layer was extracted with EtOAc (2 × 15 mL), dried over anhydrous Na2SO4, and concentrated under vacuum to obtain an N-Cbz protected crude product, which was purified by flash column chromatography on silica gel to afford a pure product 14 (120 mg, 80% yield for 2 steps) TLC Rf (80% EtOAc/hexane = 0.2).
[α]20D = + 28.5 (c = 0.07, MeOH); 1H NMR (400 MHz, CDCl3): δ 7.51–7.31 (m, 10H), 5.24–5.08 (m, 4H), 4.28–4.08 (m, 5H), 3.67–3.52 (m, 2H), 3.38–3.15 (m, 2H), 1.99–1.90 (m, 6H), 1.77–1.49 (m, 3H), 1.47–1.19 (m, 10H), 1.18–1.08 (m, 3H), 1.01–0.73 (m, 6H); 13C NMR (101 MHz, CDCl3) δ 170.18, 170.15, 155.08, 155.07, 134.91, 128.66, 128.61, 128.44, 71.40, 69.93, 69.89, 69.45, 69.18, 48.36, 48.32, 37.30, 34.43, 33.11, 33.04, 27.81, 27.75, 27.46, 23.20, 22.64, 14.76, 14.00; HRMS-ESI (m/z) [M+H]+calcd. for C19H30NO5+ 352.2124; found 352.2114.
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The use of organocatalysts and a pot economy has strengthened recent organic syntheses. Synthetic methodologies may be applicable in laboratory preparation or in the industrial production of valuable organic compounds. In most cases, synthetic challenges are overcome by highly efficient and environmentally benign organocatalysts in a pot-economical manner. This is exemplified by the recent synthesis of tetrahydropyridine-containing (−)-quinine.
Keywords: organocatalyst, pot-economy, tetrahydropyridine, (−)-quinine, environmentally benign
In the last several decades, great progress has been made in organic synthesis. However, we are still quite far away from the ideal goal. In particular, synthetic reactions should be environmentally benign and should remove costly purification procedures derived from the step-by-step procedures used in a myriad of protecting and deprotecting protocols. In recent years, great success was achieved in overcoming these drawbacks by using several techniques, including fluorous catalysis (De Wolf et al., 1999; Mika and Horvath, 2018), solid-supported catalysis (Nafiu et al., 2023), biocatalysis (Pyser et al., 2021), and organocatalysis with green chemistry metrics (Martínez J. et al., 2022). Various trials with solvent-free and aqueous reactions (Ruiz-Lopez et al., 2020) or ionic liquids (Earle and Seddon, 2000) also succeeded in organic synthesis, with certain limitations. In addition, multicomponent reactions (Boukis et al., 2018; Cimarelli, 2019) were also applied based on pot-economical synthesis (Grondal C. et al., 2010). In recent years, great success has been achieved using a combination of organocatalysis and pot-economical synthesis. The one-pot synthesis of a target molecule in the same reaction vessel is widely considered to be an efficient approach in synthetic organic chemistry.
Although catalytic reactions have been known for a long time (List, 2010; Vogel et al., 2016), including various metallic compounds and a few organic molecules, no systematic investigation has been performed (Hajos and Parrish, 1974; Bernhard and Wolfgang, 1978). The concept and the term “organocatalyst” were established in earnest by the novel laurates B. List (List, 2007) and D. MacMillan (MacMillan, 2008) in 2007. They carried out various reactions, such as the addition of electron-deficient olefins like aldol and even Diels-Alder reactions (Chen et al., 2022). The advantages of organocatalysts include their lack of sensitivity to moisture and oxygen, making them easy to handle. In addition, most of them are readily available at low cost, with relatively low toxicity compared with metal catalysts (Albrecht et al., 2022). Diverse organocatalysts were developed as chiral catalysts to warrant the streamlined synthesis of optically active and/or pure products needed in many areas, including pharmaceutical industries (Hughes, 2018; Han, et al., 2021).
In terms of the great synthetic challenges of any organic compounds requiring many steps, all the necessary reactions should proceed in a highly efficient manner, including a pot-economy. A minimum reaction vessel required for the reaction to complete is an economical approach, such as in a pot economy. (Grondal C. et al., 2010). Reactions utilizing step-by-step protocols under different conditions require costly work-up and purification procedures. For example, the following flowchart shows three different reactions needed to get D as a product from three different reactions I, II, and III, yielding B and C as synthetic intermediate molecules. However, when we want to get D from the starting material A through several reactions, without isolating B and C, we are able to save laborious costly work-up and purification.
[image: image]
The best way to perform the different reactions in an efficient and easy way is to carry out all necessary reactions I to III in one pot under the same condition with the same reagents in the same solvent. For example, the synthesis of substituted 2,6-disubstituted piperidine from 3-alkynyl-2-(N-α-methylbenzylaziridine) was successfully achieved in the same way as shown in Scheme 1 by using a one-pot reaction under catalytic hydrogenation, without isolating any synthetic intermediate (Yadav et al., 2016). Under this condition, four different reactions, entailing the hydrogenation of alkyne, aziridine ring opening, reductive cyclization, and deprotection of the α-methylbenzyl group at the nitrogen ring occurred, without changing anything else throughout the whole reaction sequences.
[image: Scheme 1]SCHEME 1 | Synthesis of piperidine from multi-reactions of the starting material 3-alkynyl-2-(N-α-methylbenzyl)aziridine.
This is quite an exceptional case. In most cases, a preparative amount of product is accessible from reactions with different reagents under very specific conditions. Obtaining a decent amount of the final product in an efficient and handy protocol is possible with a one-pot synthesis. One-pot synthesis involves successive chemical reactions in just one reactor, from which sufficient purity is secured further in the sequence, without any purification. To carry out this synthesis properly, a decent reaction yield should be provided, with different reagents for the reaction to proceed to the specific position and functional group, even under different solvents. The reagents used for the previous reactions should not harm the subsequent reactions. For example, reactions II and III should be carried out by selecting proper reagents after killing the reactivity from the previous reactions to avoid harming the next reaction, i.e., reaction II from I and reaction III from both I and II. For this purpose, the synthetic intermediates in most cases are not stable for the next reaction, or they are in equilibrium for the next reaction. Selecting solvents is also a crucial factor for the specific reaction. In most cases, changing the solvents should be simple after one reaction, owing to the relatively low boiling points for them to be removed via simple evaporation.
For an efficient and environmentally benign synthesis, a pot-economical method is better for use in conjunction with organocatalysts. For example, the Michael reactions of nitroalkenes shown in Scheme 2 were investigated intensively, taking advantage of their superior reactivity toward the nucleophile and its practicability. Proper selection of organocatalysts derived from proline makes this transformation asymmetric, with high yields, and these are used in many cases. Though various organocatalysts were developed and utilized to make these reactions possible, diarylprolinol silyl ethers (Cat) are the most widely used as simple and very efficient catalysts. They carry out the reactions, including Michael reactions of nitroalkanes between 2 and 3, in a highly efficient manner to yield products 4 with high optically purities (Y. Hayashi et al., 2005; Jensen et al., 2012; Reyes-Rodríguez et al., 2019) (Scheme 2). Once the key bond has been made, the others are followed by stereoselective reactions, with carbocyclic or heterocyclic ring transformations. The newly constructed bonds formed from organocatalysts are green, with specific examples indicated by the green-colored bonds in Scheme 2. In this manner, there are many reports showing that the organocatalytic reactions were very efficient ways of making the bonds needed in biologically important molecules, including pharmaceuticals and natural products such as acyclic and cyclic molecules. Some representative examples of organocatalyst proline derivatives, including diarylprolinol silyl ethers (Cat) are gabapentin (Gotoh et al., 2007), sacubitril (Hughes, 2018), prostaglandin PGF2α (Coulthard et al., 2012; Scheffler and Mahrwald, 2013), oseltamivir (Ishikawa et al., 2009; Ishikawa et al., 2010; Hayashi and Ogasawara, 2016), (+)-(α)-lycorane (Meng et al., 2014), (+)-microminutinin (Huang et al., 2017), and pyrrolysine (Han et al., 2013).
[image: Scheme 2]SCHEME 2 | General synthetic scheme of bond formation and stereochemistry shown in green in adduct 4 based on organocatalytic nitro-Michael reactions from 2 and 3. The catalyst used was proline or its diarylprolinol silyl ethers (Cat) derivatives. The specific cases of initial organocatalytic reactions with starting materials and catalysts are shown in parenthesis on the right side of the examples, with the construction of green-colored bonds.
Recently, one outstanding publication that is worth looking into in detail deals with the two important aspects, pot-economical and organocatalytic synthesis, and was carried out by Professor Y. Hayashi’s lab. They performed a very impressive synthesis of a (−)-quinine (1) natural product consisting of core azaheterocycle tetrahydropyridine (Terunuma and Hayashi, 2022). The synthesis, with a piperidine ring needed for the preparation of unnatural enantiomer, was previously published with an organocatalyst via (3 + 3) cyclization and Strecker-type cyanation (Shiomi, et al., 2019). However, a strategically different method was used to obtain azaheterocycle tetrahydropyridine as a core ring of the natural enantiomer (−)-quinine. The addition of aldehyde 5 to 2-phenylnitroalkene (6) for an aza-Henry reaction was initiated in the presence of 20 mol% of diphenyl prolinol trimethylsilyl ether as a catalyst (Scheme 3). Moreover, their synthesis was in conjunction with the pot-economical manner, leading to several reactions in the same vessel without any extra procedures or work-up (Hayashi, 2016). The imine needed to make a tetrahydropiperidine ring from the initial adduct between 5 and 6 would enhance the synthesis of 9 in the same vessel for a reaction completed in one pot.
[image: Scheme 3]SCHEME 3 | (−)-Quinine (1) synthesis reported by Professor Y. Hayashi’s lab (Terunuma and Hayashi, 2022) using an organocatalyst in a pot-economical manner as a key step in constructing the initial important bonds, highlighted in blue, followed by stereoselective reduction and aryl Grignard addition, as shown by the yellow and red bonds.
The initial acyclic adduct 7, as a Niro-Michael product, was reacted with imine generated from the corresponding sulfonyl precursor DBU (1,8-diazabicyclo [5.4.0]undec-7-ene, 3.0 equiv) in a single pot manner. This synthetic intermediate was converted, with the elimination of HNO2 in the presence of DBU as a base, to yield the cyclic product 9 in high yield (66%) and high e. e. (98%), with 1:1 at C2 d.e. The hydroxy substituent at C2 is eventually eliminated. All the reactions starting from 5, 6, and the iminocarboxylate to 9 proceed sequentially in the one-pot protocol. To succeed in this reaction sequence, all synthetic intermediates were kinetically and thermodynamically favorable to afford the next product without any hindrance from the previous reagents, as shown in Scheme 3. The best way to perform this synthetic strategy is for all necessary reactions to succeed in a single operation without changing the reagents and solvents. However, this is very rare, with the assumption that the same reagents under the same solvent can carry out different reactions in a certain direction. Except for rare cases, almost all the reactions require different reagents under different solvents. Therefore, the reaction should be well designed to perform the steps in a pot-economical manner. As a diastereomeric mixture, the initial crude cyclic compound 9 from Pot 1 proceeded further for dehydroxylative reduction by CF3CO2H and Et3SiH. Then, the reduction of enamine to amine was followed by the reducing agent NaBH(OAc)3. All the excessive reductive reagents were destroyed by the reaction with additional acetaldehyde. This second one-pot reaction (Pot 2) afforded the azaheterocycle 10 as an almost single stereoisomer, with the correct stereochemistry. In Pot 3, it is relatively straightforward to obtain olefin 11 with the release of aryl thiol according to the Matsuo protocol (Matsuo et al., 2006) with 2,4,6-trimethylphenylsulfonylamide. The substituent carboxy ester was then reduced by DIBAL under low temperatures to give rise to aldehyde 11. Then, 2-bromo-6-methoxyquinoline was added to this aldehyde, generating a diastereomeric mixture of hydroxy carbon without much stereoselectivity between re- or si face addition. However, this problem was overcome by oxidation of the alcohol adduct to ketone by DMP (Dess-Martin Periodinane), followed by the stereoselective reduction by LDBBA (lithium diisobutyl-tert-butoxyaluminum hydride), leading to the right isomer 12 needed for target 1 with more than 80% yield (Pot 4). The next steps in Pot 5 are the removal of bromine in the aryl ring and deprotecting the TBDPS and Boc groups from the free hydroxy group by treatment with Zn and AcCl. This primary hydroxy group was mesylated for the final cyclization with nitrogen to give quinuclidine under mild conditions using NaI and K2CO3. These four reactions are performed in a one-pot sequence with 77% yield. All these reactions are highly stereospecific, as seen in the synthesis of the expected (−)-quinine (1) in a pot economical manner. This report brings up two important and challenging synthetic methodologies in organic chemistry, i.e., the use of environmentally benign organocatalysts and pot economy.
This perspective focuses on the use of organocatalysts in a pot-economical manner for the recent synthesis of tetrahydropyridine-containing (−)-quinine. These synthetic methodologies may be applicable in laboratory preparation or in the industrial production of valuable organic compounds (Bernardi, et al., 2021). Most synthetic challenges are highly efficient and environmentally benign with organocatalysts in a pot-economical manner.
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In this study, the reactivity of the alkyl nitrenes, generated from the substituted hydroxylamine precursors, was determined using the same rhodium catalyst. The results revealed that in competitive C–H insertion experiments, the regioselectivity between benzylic and tertiary C–H bonds could be modulated by adding Brønsted acids or changing the substituents on oxygen. This study enhances our understanding of the metallonitrene structures and provides valuable insights for further development of selective N-heterocycle syntheses.
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1 INTRODUCTION
Nitrogen-containing compounds prevail over biologically active compounds (Lovering et al., 2009; Vitaku et al., 2014). Therefore, the synthetic chemists have made considerable efforts to introduce nitrogen atoms at desired positions in the molecular skeleton (Park et al., 2017; Trowbridge et al., 2020). Among various approaches, utilizing nitrenes is preferred, as they can functionalize the otherwise inert C–H bonds (Müller and Fruit, 2003; Díaz-Requejo and Pérez, 2008; Darses et al., 2017). Given the high reactivity of free nitrenes, metallonitrenes are primarily used for nitrogen insertion as their reactivity can be regulated by the structure of the metal complexes (Ju and Schomaker, 2021). Metalated nitrenes are typically generated from oxidized precursors, either prepared in situ or from those containing a labile bond (Breslow and Gellman, 1982; Nägeli et al., 1997; Lebel et al., 2005).
The substituents on the nitrogen can be used to classify nitrene structures such as carbamoyl (Cui and He, 2004), sulfamoyl (Espino et al., 2001), aryl (Stokes et al., 2007), acyl (Hong et al., 2018), and alkyl (Hennessy and Betley, 2013) nitrenes. The class of nitrenes determines the structure of the resulting product. For instance, intramolecular C–H insertion of sulfamoyl nitrenes provides a 1,3-aminoalcohol unit, whereas that of alkyl nitrenes delivers a saturated N-heterocycle. Therefore, the advancement in nitrene chemistry is directed toward expanding the product structures and its evolution has resulted in the development of efficient catalysts and new precursors (Roizen et al., 2012; Alderson et al., 2017; Hong et al., 2021). The chemoselective amination reactions have garnered considerable interest in this area that has triggered the identification of various catalyst-controlled aminations (Noda et al., 2021). However, there are limited studies in the literature investigating the reactivity difference between various nitrene classes using identical catalysts. The comparison of the same nitrene class obtained from different precursors is also lacking. This could be attributed to the lack of a suitable system for studying the reactivities.
We previously reported that substituted isoxazolidin-5-ones (Annibaletto et al., 2017; Noda, 2021) acted as alkyl nitrene precursors in the presence of rhodium (Yu et al., 2019) or copper catalysts (Tak et al., 2021a). The generated metallonitrene reacted intramolecularly with an aromatic ring (Tak et al., 2021b) or C(sp3)–H bond (Espinosa et al., 2019) to afford the corresponding unprotected cyclic β-amino acids. In our study to synthesize remotely decorated trisubstituted pyrrolidines via C(sp3)–H insertion (Tang et al., 2022) using Rh2(esp)2, a Du Bois catalyst (Espino et al., 2004), it was observed that the alkyl nitrene derived from the heterocycle selectively aminated the C(sp3)–H bond at the allylic position without touching the double bond (Scheme 1A), which was in contrast to the sulfamoyl nitrene favoring aziridination over C(sp3)–H insertion, using the same rhodium catalyst (Scheme 1B) (Fiori et al., 2009). These results highlighted the unique nature of the nitrene reactivities associated with their structural classes.
[image: Scheme 1]SCHEME 1 | (A–C) Background of this work. esp: α, α, α′, α′-tetramethyl-1,3-benzenedipropionic acid, HFIP: 1,1,1,3,3,3-hexafluoroisopropanol.
Driven by the significance of saturated N-heterocycles in drug discovery programs, we further investigated alkyl nitrenes and identified O-benzoyl hydroxylamines as efficient alkyl nitrene precursors for the transformation of a linear primary amine into the corresponding five-membered cyclic amine (Noda et al., 2020). When we subjected substrate 9 to the catalytic conditions to explore the scope of the method, no reaction was observed, resulting in full recovery of the substrate (Scheme 1C). As both substrates 1 and 9 were expected to generate similar alkyl rhodium nitrene species 2 and 10, respectively, as shown in Scheme 2, this difference in the outcomes could be attributed to the precursor structure. However, the lack of insight into the structure-reactivity relationship between nitrene precursors and the reaction conditions required a further detailed examination of these factors. Herein, we report our study on the reactivity of alkyl nitrenes derived from substituted hydroxylamines.
[image: Scheme 2]SCHEME 2 | KIE experiments using Rh2(esp)2 as a catalyst under various conditions.
2 RESULTS
From the outset, we focused on the reactivities of alkyl nitrenes, as the products obtained from the intramolecular amination are medicinally important saturated N-heterocycles. In addition to isoxazolidin-5-ones and O-Bz hydroxylamines, alkyl azides (Thacker et al., 2016; Bagh et al., 2017; Shing et al., 2018; Qin et al., 2019), and O-Ts hydroxylamines (Munnuri et al., 2017) act as nitrene precursors. Owing to their stability and facile structural modification, O-Bz hydroxylamines were used as model substrates in this study, and Rh2(esp)2 was used as the catalyst. Examination of the presumed nitrene structures 2 and 10 implied that a suitably located acidic proton in 2 played an important role in determining the reactivity, which was the driving force to investigate the additive effect using Brønsted acids and bases.
Table 1 summarizes the influence of additives on the regioselectivity of reactions, where the selectivity between benzylic and tertiary C–H bonds was used as a reactivity probe. In the absence of additives, the site selectivity of 11aA is close to 1:4, favoring the tertiary C–H bond (entry 1). The ratio marginally decreases in the presence of trifluoroacetic acid (TFA) (entry 2), suggesting that an acidic proton source plays a vital role in the selectivity-determining transition state. Higher acid loadings do not decrease the selectivity further (entry 3). It was observed that all the acids do not lower the selectivity, and the addition of a stronger acid, trifluoromethanesulfonic acid (TfOH), creates a strong bias in the reaction site for the tertiary C–H bond, although with a considerably slower kinetics (entry 4). Similar trend is observed for pyridinium p-toluenesulfonate (PPTS), which is a milder Brønsted acid compared to the TFA (entry 5). In contrast to acidic additives, the addition of a Brønsted base does not lead to a noticeable shift in the regioselectivity (entries 6–8).
TABLE 1 | Evaluation of additives on the regioselectivity of Rh-alkyl nitrene.
[image: Table 1]A change in the selectivity is often accompanied by a change in the reaction mechanism. Therefore, to understand the nature of reactive intermediates under Brønsted acidic conditions, kinetic isotope effect (KIE) experiments were conducted (Scheme 2). Fluorine-substituted compounds were used for this purpose as the high sensitivity of 19F nuclei in nuclear magnetic resonance (NMR) is beneficial for determining the selectivity. Under standard conditions, using 1 mol% Rh2(esp)2 as a catalyst in 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) at ambient temperature, a KIE value of 4.0 is obtained (Scheme 2A). The value remains the same in the presence of TFA (Scheme 2B), suggesting similar properties of the reactive intermediate in both cases. Despite the distinct selectivity trend observed in Table 1, the addition of PPTS does not change the KIE value (Scheme 2C). The KIE value of a similar N-Boc-O-Ts substrate was reported to be 5.3 (Munnuri et al., 2017), therefore, electronically tuned benzoate substrates were subjected to identical conditions. The obtained values are approximately same to those of the unmodified substrate (Scheme 2D).
We questioned whether the difference in the KIE values between O-Bz and O-Ts hydroxylamines would be translated into a difference in regioselectivities. Although the reactivity trend of O-Ts hydroxylamines has been previously studied using a different rhodium catalyst, a comparison with three classes of substrates was carried out for ranking the reactivities of various C–H bonds (benzylic, tertiary, secondary, and primary). In addition to regioselectivity, diastereoselectivity was utilized as the other reactivity probe.
The instability of the N-H form of O-Ts hydroxylamines requires in situ removal of a protective group from the nitrogen. Following the previous reports, the N-Boc group was used to mask the nitrogen atom and TFA was used as the proton source in TFE. Thus, TFA was included in the reactions with O-Bz substrates for a fair comparison (Table 2). All the products were isolated after conversion to their N-Ts forms. Examining the regioselectivity between benzylic and tertiary C–H bonds, a marginally lower selectivity is obtained using the O-Ts substrate compared to that of O-Bz substrate, although the diastereoselectivity is similar for both (entries 1 and 2). Owing to their diminished reactivity toward metallonitrene, cyclization products are not obtained at the secondary or primary C–H bonds for either of the substrates. However, better diastereoselectivities are recorded with O-Ts substrates compared to those with O-Bz substrates (entries 3 vs. 4 and 5 vs. 6).
TABLE 2 | Comparison between O-Bz and O-Ts hydroxylamines using rhodium catalyst.a
[image: Table 2]3 DISCUSSION
Falck and coworkers reported aziridination of olefins with O-(2,4-dinitrophenyl)hydroxylamine under the influence of a Rh2(esp)2 catalyst (Jat et al., 2014). The group revealed in a subsequent report that the combination of the same rhodium catalyst with O-Ts hydroxylamine aminated an aromatic C–H bond keeping the olefin moiety intact (Scheme 3A) (Paudyal et al., 2016). The authors proposed that the rhodium nitrene generated upon N–O bond cleavage was in equilibrium with the protonated nitrenium ion and the two species exhibited distinct reactivity, which justified the remarkable chemoselectivity switch (Scheme 3B). Moreover, acidity of the liberated Brønsted acids determined the equilibrium positions; the nitrophenol was not strong enough to protonate metallonitrenes, whereas a stronger sulfonic acid propelled the equilibrium forward to yield nitrenium ions.
[image: Scheme 3]SCHEME 3 | (A) Reagent-controlled chemoselectivity switch under rhodium-catalyzed conditions. (B) Possible interconversion between nitrenes and nitrenium ions.
Given that the acidity of the reaction medium is responsible for the equilibrium position, it was hypothesized that the addition of external Brønsted acids should play an identical role. The results in Table 1 reveal that the inclusion of sulfonic acids drastically changes the regioselectivity trend (entries 4,5, Table 1), which can be explained by a possible shift in the equilibrium. The observed lower reactivity could be ascribed to either the lower C–H insertion activity of the nitrenium ion intermediate or the slower N–O bond cleavage to form a reactive intermediate. However, the addition of external Brønsted acids does not alter the KIE values (Scheme 2A–C), suggesting that a similar reactive intermediate is involved in the C–H amination step in the absence or presence of acids.
Over the years, KIE experiments have been used to assess and elucidate the nature of reactive intermediates in various C–H functionalization reactions. It is well-known in nitrene chemistry that KIE values lower than three indicate the presence of a concerted mechanism involving a singlet nitrene. For instance, the KIE values of sulfamoyl nitrenes using a similar rhodium catalyst were in the range of 1.9–2.9 (Fiori et al., 2009; Varela-Álvarez et al., 2016). In contrast, a stepwise mechanism displays higher KIE values (Badiei et al., 2008; Harvey et al., 2011). The difference in KIE values between O-Bz (4.0) and O-Ts (5.3) hydroxylamines using the same catalyst inferred that precursor structures play a significant role in determining the nature of reactive intermediate but the acidity of the reaction medium. As a slight modification of the benzoic acid derivatives (pKa in H2O: p-CN-C6H4 3.55, C6H5 4.21, p-MeO-C6H4 4.47) did not affect the KIE values (Scheme 2D), a considerably drastic change in the acidity of the leaving groups might be required to induce a change.
The precursor structure-dependent KIE value implies that the reactive intermediate generated from O-Ts substrates possesses a triplet, radical-like nature. Radical-like intermediates typically follow the bond dissociation energy (BDE) order, which is the enthalpy change associated with the homolytic scission of the bond (Figure 1). The results summarized in Table 2 agree with this trend. Therefore, the O-Ts substrate undergoes the benzylic amination preferably compared to that for O-Bz (entry 1 vs. 2, Table 2). Comparable results are obtained in HFIP using 11aB (76% yield, 12a:13a 41:59, anti/syn 83/17), excluding the possibility that the choice of solvent governs the selectivity. The observed diastereoselectivities support the different natures of the reactive intermediates generated from O-Bz and O-Ts hydroxylamines.
[image: Figure 1]FIGURE 1 | BDEs for various representative C–H bonds.
4 CONCLUSION
We have investigated the reactivity of rhodium alkyl nitrenes generated from substituted hydroxylamines. The addition of Brønsted acids modulated the regioselectivity of the intramolecular C–H insertion between the benzylic and tertiary positions. Despite the distinct regioselectivities, approximately identical KIE values were observed for various Brønsted acids. In contrast to external acids, the KIE values fluctuated as a function of the precursor structures. The conditions that produced the more radical-like reactive intermediate followed the expected reaction tendency. Although further efforts are required to completely understand the nature of reactive intermediates, particularly with the external addition of Brønsted acids, our results comprehensively confirmed that the reactivities of seemingly similar reactive intermediates could be regulated by incorporating additives or changing the precursor structures. This work significantly enhances our understanding of the rhodium nitrene structures, which are typically devoid of precursor residues, and opens up new avenues for a substrate-controlled approach to fine-tune the reactivity, as with other hydroxylamine-involving reactions (Noda et al., 2014; Niu and Buchwald, 2015).
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Securinega alkaloids have intrigued chemists since the isolation of securinine in 1956. This family of natural products comprises a securinane subfamily with a piperidine substructure and norsecurinane alkaloids featuring a pyrrolidine core. From a biosynthetic perspective, the piperidine moiety in securinane alkaloids derives from lysine, whereas the pyrrolidine moiety in norsecurinane natural products originates from ornithine, marking an early biogenetic divergence. Herein, we introduce a single-atom deletion strategy that enables the late-stage conversion of securinane to norsecurinane alkaloids. Notably, for the first time, this method enabled the transformation of piperidine-based (allo)securinine into pyrrolidine-based (allo)norsecurinine. Straightforward access to norsecurinine from securinine, which can be readily extracted from the plant Flueggea suffruticosa, abundant across the Korean peninsula, holds promise for synthetic studies of norsecurinine-based oligomeric securinega alkaloids.
Keywords: securinega alkaloids, ring contraction, molecular editing, natural products, atom deletion strategy, heterocycle
INTRODUCTION
Securinega alkaloids, composed of over 100 members, have fascinated the synthetic community owing to their structural diversity (Wehlauch and Gademann, 2017; Kang et al., 2023) and potent bioactivities (Hou et al., 2023) since the isolation of securinine (2) in 1956 (Muraveva and Bankovskii, 1956). Securinane alkaloids, exemplified by allosecurinine (1) and securinine (2), are characterized by an azabicyclo[3.2.1]octane core (B/C rings), fused with a piperidine (A) and butenolide (D) rings (Scheme 1A). Norsecurinane alkaloids such as allonorsecurinine (3) (Alibés et al., 2004; Antien et al., 2019; Hetzler et al., 2022) and norsecurinine (4) share a structural resemblance with securinanes. However, they feature a pyrrolidine moiety in place of the piperidine-based A ring. It is established that the piperidine (A) ring of the securinane alkaloids is derived from 1-piperideine (5), the biosynthetic downstream derivative of lysine (6) (Marek Golebiewski et al., 1976). On the other hand, the pyrrolidine (A) ring of the norsecurinane alkaloids is envisioned to have originated from 1-pyrroline (7), the biosynthetic derivative of ornithine (8). Hence, the size of the A ring is determined at the early stage of the biogenesis.
[image: Scheme 1]SCHEME 1 | Transformation of securinane framework to norsecurinane framework via molecular editing strategy. (A) Parallel biosynthesis of (allo)securinine and (allo)norsecurinine and the direct transformation of the former natural products to the latter natural product (this work). (B) Representative high-order securinega alkaloids with the pyrrolidine core. (C) Overview of our atom deletion strategy that is based on Sartillo-Piscil’s ring contraction method.
Notably, various dimeric and oligomeric high-order securinega alkaloids such as flueggenines A (9), C (10), and fluevirosines A (11), G (12) have been isolated (Scheme 1B) (Jeon et al., 2017; Kang et al., 2023). In 2017, we reported the total synthesis of flueggenine C (10) via an accelerated Rauhut–Currier (RC) reaction (Jeon and Han, 2017). Subsequently, we also succeeded in the total synthesis of flueggenines D and I via a Stille cross-coupling and stereoselective conjugate reduction dimerization strategy (Jeon et al., 2020). Notably, the primary constituent among the monomeric units forming high-order securinega alkaloids is norsecurinine (4). In pursuit of a synthetic program centered on direct RC-based conjugations among norsecurinines (4) (Han, 2023; Park et al., 2023), we sought a solution for obtaining a substantial quantity of norsecurinine (4). In consideration of this goal, we conceived a semisynthetic method to derive (allo)norsecurinine (3 and 4) from (allo)securinine (1 and 2), natural substances abundantly found in Flueggea suffruticosa, a widely distributed plant in the Korean peninsula.
Single-atom skeletal editing has emerged as a powerful approach to efficiently diversify the molecular framework (Jurczyk et al., 2022). This molecular editing strategy has also been applied in natural product synthesis (Hui et al., 2022). We envisioned that the securinane skeleton could be transformed into the norsecurinane skeleton via a single-atom deletion logic (Ha, 2023). Herein, we describe a synthetic protocol that enables a single carbon deletion of the piperidine (A) (Srivastava and Ha, 2023) ring of securinanes to yield pyrrolidine-based norsecurinanes via the intermediacy of N-carboxyanhydride intermediate 13 and lactam 14 (Scheme 1C) based on Sartillo-Piscil’s ring contraction method (Romero-Ibañez et al., 2019).
RESULTS AND DISCUSSION
Our synthesis commenced with regioselective double oxidation of C5 and C6 carbons of allosecurinine (1) to produce lactam 20 in 60% yield as a 4:1 diastereomeric mixture (Scheme 2). In 2016, Sartillo-Piscil and coworkers reported a double sp3 C−H oxidation of cyclic amines to α-alkoxyamine lactams (Osorio-Nieto et al., 2016; Romero-Ibañez et al., 2023). In the instance of allosecurinine (1), the oxoammonium cation of TEMPO (15) selectively abstracted the C6 hydridic α-hydrogen from the amine moiety due to its greater steric accessibility consistent with Sartillo-Piscil’s reports (Osorio-Nieto et al., 2016; Romero-Ibañez et al., 2023). This led to the formation of the iminium ion intermediate 16, which subsequently underwent tautomerization, resulting in the formation of enamine 17. Subsequently, enamine 17 reacted with the oxoammonium cation of TEMPO (15) to produce iminium ion 18, which is consequently trapped by the chlorine dioxide anion to afford intermediate 19 (Osorio-Nieto et al., 2016). The extrusion of hypochlorous acid from intermediate 19 resulted in lactam 20. The structure of the major diastereomer of 20 was unambiguously confirmed by a single crystal X-ray diffraction (SCXD) analysis. To our delight, when the TEMPO adduct 20 was allowed to react with 3 equiv of m-CPBA, the ring contraction product 14 was obtained in 54% yield (Romero-Ibañez et al., 2019). The structure of lactam 14 was confirmed by a single crystal X-ray diffraction (SCXD) analysis. Chemoselective reduction of the lactam moiety of 14 in the presence of the lactone group was achieved by a synthetic sequence involving the conversion of the lactam moiety to the thiolactam group (96% yield), the methylation of the resulting thiolactam moiety, and the sodium cyanoborohydride-mediated reduction of the consequent thioimidate ester salt (55% yield for the conversion of 21 to 3).
[image: Scheme 2]SCHEME 2 | Transformation of allosecurinine (1) to allonorsecurinine (3) via an atom deletion strategy.
The plausible reaction mechanism for converting TEMPO adduct 20 to lactam 14 is depicted in Scheme 3 (Romero-Ibañez et al., 2019). The m-CPBA-mediated oxidation of TEMPO adduct 20 would result in the formation of N-oxide intermediate 23. Extrusion of TEMPOH from 23 would afford α-ketolactam intermediate 24. Ketone 24 would then undergo a regioselective Baeyer–Villiger oxidation via intermediate 25 to produce N-carboxyanhydride intermediate 13. Transannular 1,2-addition of the nitrogen nucleophile in 13 would yield pentacyclic intermediate 26, which subsequently undergoes a carbon dioxide extrusion via intermediate 27 to forge lactam 14.
[image: Scheme 3]SCHEME 3 | Plausible reaction mechanism for the formation of 14 from 20 in the presence of m-CPBA.
After establishing a synthetic protocol for the “methylene deletion” of allosecurinine (1), we set out to transform securinine (2) to norsecurinine (4) in an analogous manner. In the event, treatment of securinine (2) with monosodium phosphate, sodium chlorite, TEMPO, sodium hypochlorite in acetonitrile resulted in TEMPO adduct 28 in 85% yield as a 2.5:1 mixture of diastereomers (Scheme 4). Subsequent m-CPBA-mediated ring contraction (51% yield) and the thionylation of the resulting lactam with Lawesson’s reagent (91%) afforded thiolactam 29. Interestingly, when thiolactam 29 was allowed to react with Meerwein’s salt and subsequently with sodium triacetoxyborohydride, thioaminal product 30 was obtained in 60% yield. This was in stark contrast to the aforementioned reduction of thioamide 21 to the amine product under analogous reduction conditions. 2D-NMR analysis of compound 30 revealed that the proton at C5 is axially positioned. Hence, we reasoned that the stereoelectronic misalignment of the N1-lone pair p-orbital and the C5–S σ* orbital hindered the formation of the iminium ion intermediate. To our pleasure, we discovered that exposure of thioaminal product 30 to more forcing conditions (TFA and triethylsilane in refluxing toluene) afforded norsecurinine (4) in 97% yield.
[image: Scheme 4]SCHEME 4 | Transformation of securinine (2) to norsecurinine (4).
CONCLUSION
In summary, a molecular editing protocol for the transformation of (allo)securinine to (allo)norsecurinine was established. The key to our success was the employment of the oxidative ring contraction method pioneered by the Sartillo-Piscil group (Romero-Ibañez et al., 2019). Chemoselective reduction of the lactam moiety over the lactone moiety was possible via selective conversion of the amide group to the thioamide group and its subsequent chemoselective reduction. Our findings enabled a straightforward transformation of securinine into norsecurinine, leveraging the abundant supply of securinine derived from the F. suffruticosa plant commonly found across the Korean peninsula. Norsecurinine, a pyrrolidine-based compound, serves as the monomeric unit within the high-order securinega alkaloids. Hence, our discovery stands poised to enable the synthesis of more complex securinega alkaloids. Those studies are currently ongoing and will be the subject of forthcoming reports.
MATERIALS AND METHODS
General information
All reactions were performed in oven-dried or flame-dried round-bottomed flasks and vials. Unless otherwise noted, the flasks were fitted with rubber septa and reactions were conducted under a positive pressure of argon, and vials were tightly sealed with plastic septa, Teflon tape, and parafilm. Stainless steel syringes were used to transfer air- and moisture-sensitive liquids. Flash column chromatography was performed as described by Still et al. using silica gel (60-Å pore size, 40–63 μm, 4%–6% H2O content, Merck) (Still et al., 1978). Analytical thin–layer chromatography (TLC) was performed using glass plates pre-coated with 0.25 mm silica gel impregnated with a fluorescent indicator (254 nm). Thin layer chromatography plates were visualized by exposure to ultraviolet light, and/or a basic aqueous potassium permanganate (KMnO4).
Unless otherwise stated, all commercial reagents and solvents were used without additional purification.
1H and 13C nuclear magnetic resonance spectra were recorded with Bruker Avance Ⅲ HD (400 MHz), Bruker Avance NEO (500 MHz), Agilent DD-2 (600 MHz) and calibrated by using the residual undeuterated chloroform (δH = 7.24 ppm) and CDCl3 (δC = 77.23 ppm) as internal references. Data are reported in the following manners: chemical shift in ppm [multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, p = quintet, m = multiplet, app = apparent, br = broad), coupling constant(s) in Hertz, integration]. The NMR solvent CDCl3 was taken from a stock containing anhydrous K2CO3 to remove residual DCl. High resolution mass spectra were obtained from KAIST Analysis Center for Research (Daejeon) by using ESI method. Specific rotation [image: image] was obtained by JASCO P-2000 polarimeter.
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Background: Organic dyes often have shorter lifetimes in the excited state, which is a major obstacle to the development of effective photoredox methods. The scientific community has shown a great deal of interest in a certain class of organic chromophores because of their unique characteristics and effectiveness. One characteristic of the molecules under research is thermally activated delayed fluorescence (TADF), which is only observed in molecules with a tiny energy gap (often less than 0.2 eV) between their lowest two excited states, i.e., singlet excited state (S1) and triplet excited state (T1). The extended singlet excited states arising from TADF and the simplicity with which their redox potentials may be altered make the isophthalonitrile family of chromophores an attractive option for organic photocatalyst applications.
Methods: The Biginelli reaction between β-ketoesters, arylaldehydes, and urea/thiourea has been used to build a sustainable technique for the production of 3,4-dihydropyrimidin-2-(1H)-one/thione derivatives. In the present study, the development of a green radical synthesis approach for this class of compounds is addressed in depth. As a photocatalyst, a new halogenated dicyanobenzene-based photosensitizer was employed in this study. As a renewable energy source activated by a blue LED, it was dissolved in ethanol, at room temperature in air atmosphere. The primary objective of this research is to employ a novel donor-acceptor (D-A) based on halogenated cyanoarene that is affordable, easily available, and innovative.
Findings: The 3DPAFIPN [2,4,6-tris(diphenylamino)-5-fluoroisophthalonitrile] photocatalyst, a thermally activated delayed fluorescence (TADF), induces single-electron transfer (SET) in response to visible light, offering a straightforward, eco-friendly, and highly efficient process. Additionally, we determined the 3,4-dihydropyrimidin-2-(1H)-one/thione derivatives turnover frequency (TOF) and turnover number (TON). It has also been demonstrated that gram-scale cyclization is a workable method for industrial purposes.
Keywords: dicyanobenzene-based photosensitizer (3DPAFIPN), renewable energy source, visible-light-induced electron-transfer, photosynthesis, 3, 4-dihydropyrimidin-2-(1H)-one/thione derivatives
INTRODUCTION
In recent literature, photoredox catalysis has served as a foundation for novel approaches in organic chemistry (Mohamadpour, 2021a; Mohamadpour, 2023a). The field of photoredox catalysis, which combines metal-promoted reactions with photoredox cycles, is gaining significant attention from both academia and industry (Pinosa et al., 2022). The main focus of research is the use of inexpensive, readily manufactured, and efficient organic dyes to help create novel, powerful, and selective metal-promoted reactions (Gualandi et al., 2021). In this sector, organic dyes must take the place of the commonly employed inorganic complexes that are dependent on Ir(III) and Ru(II). When compared to organic molecules, these compounds are known for their long excited state lifetimes, which may tend toward dynamic quenching. Organic dyes often have shorter lifetimes in the excited state, which is a major obstacle to the development of effective photoredox methods. The scientific community has shown a great deal of interest in a specific class of organic chromophores because of their unique characteristics and effectiveness (Bryden and Zysman-Colman, 2021). One characteristic of the molecules under study is thermally activated delayed fluorescence (TADF), which is only observed in molecules with a tiny energy gap (often less than 0.2 eV) between their lowest two excited states, i.e., S1 and T1. Under ambient conditions, the molecules under study undergo reverse intersystem crossing (RISC), aided by a thermally activated pathway from the triplet excited state (T1) to the singlet excited state (S1). This results in a delayed fluorescence phenomenon that is commonly observed in systems similar to this one. The present goal is to combine reduced instruction set computing’s (RISC) exceptional efficiency with fluorescence’s great quantum yield. 2012 saw a significant advancement in the field of organic light-emitting diodes (OLEDs) with the release of a basic work by Adachi (Uoyama et al., 2012). This approach covers the efficient usage of dicyanobenzene molecules with suitable photophysical properties as well as their demonstrated application in OLEDs. Similar TADF chromophores have been used in other domains, such as photocatalysis, since these initial discoveries (Yang et al., 2017; Bryden and Zysman-Colman, 2021). The extended singlet excited states arising from TADF and the simplicity with which their redox potentials may be altered make the isophthalonitrile family of chromophores a viable option for organic photocatalyst applications (Speckmeier et al., 2018). 2,4,6-tris(diphenylamino)-5-fluoroisophthalonitrile (3DPAFIPN) is a chemical that is widely used in a number of visible light-triggered synthetic procedures. Intramolecular cyclizations (Flynn et al., 2020; Wu et al., 2020) and the formation of C–C (Cardinale et al., 2020; Donabauer et al., 2020), N–C (Zhou et al., 2020), and P–C (Rothfelder et al., 2021) bonds (Pinosa et al., 2022) are a few examples of these processes.
Because visible light irradiation has a large energy reserve, is inexpensive, and can be used to access sustainable energy sources, it is considered a reliable method for creating organic compounds (Mohamadpour, 2021b; Mohamadpour, 2021c; Mohamadpour, 2022a).
It is expected that dihydropyrimidine structures have potent biological and pharmacological effects (Figure 1). Calcium channel blockers, antihypertensive effects (Sujatha et al., 2006), anticancer (Wisen et al., 2008), anti HIV agent (Heys et al., 2000), antibacterial and antifungal (Ashok et al., 2007), antiviral (Hurst and Hull, 1961), antioxidative (Magerramow et al., 2006), and anti-inflammatory (Bahekar and Shinde, 2004).
[image: Figure 1]FIGURE 1 | The dihydropyrimidine motifs exhibit pharmacological activity.
To produce 3,4-dihydropyrimidin-2-(1H)-one/thione derivatives, a number of catalysts are employed, including Na2 eosin Y (Mohamadpour, 2022b), copper (II)sulfamate (Liu et al., 2012), bakers, yeast (Kumar and Maurya, 2007), hydrotalcite (Lal et al., 2012), hexaaquaaluminium (III) tetrafluoroborate (Litvic et al., 2010), TBAB (Ahmed et al., 2009), copper (II) tetrafluoroborate (Kamal et al., 2007), [Btto][p-TSA] (Zhang et al., 2015), triethylammonium acetate (Attri et al., 2017), saccharin (Mohamadpour et al., 2016), caffeine (Mohamadpour and Lashkari, 2018), zirconium (IV)-salophen perfluorooctanesulfonate (Li et al., 2020), H3 [PW12O40] (Chopda and Dave, 2020), Dioxane-HCl (Choudhare et al., 2021), WSi/A15 (Bosica et al., 2021), H4 [W12SiO40] (V Chopda and Dave, 2020), Zr(H2PO4)2 (KÜÇÜKİSLAMOĞLU et al., 2010), and GO-chitosan (Maleki and Paydar, 2016). Complex procedures, lengthy reaction times, the use of costly chemicals, and lower yields are just a few of the variables that significantly impact the management and disposal of waste. Moreover, it might be challenging to extract homogeneous catalysts from reaction mixtures. Due to our interest in the development of photocatalytic reactions (Mohamadpour, 2022c; Mohamadpour, 2022d; Mohamadpour, 2023b; Mohamadpour, 2023c; Mohamadpour, 2023d), the current work discusses the use of photocatalysts in the synthesis of heterocyclic compounds, emphasizing the use of environmentally acceptable practices. The investigation indicates that using photo-redox catalysts for halogenated organic dyes is also financially feasible. A potent donor-acceptor (D-A) cyanoarene is employed as an efficient organo-photocatalyst by employing the previously outlined technique.
The primary focus of the investigation was 2,4,6-tris(diphenylamino)-5-fluoroisophthalonitrile (3DPAFIPN) because of its exceptional photophysical and photochemical properties. Organic chemists now have access to a wider range of photocatalysts thanks to the development of dicyanobenzene-based photosensitizers, which demonstrate exceptional photoelectric activity and thermally activated delayed fluorescence (TADF).
The current study has investigated 3DPAFIPN, a new halogenated cyanoarene-based donor-acceptor (D-A) photocatalyst that works by a sequence of visible-light-induced electron transfers. The three-condensation domino Biginelli reaction arylaldehydes with urea/thiourea and β-ketoesters are used in this procedure. In addition, this process employs blue LED, a sustainable and environmentally friendly energy source, in a room-temperature, ethanol medium as a green solvent. Regardless of the timely and effective completion of all obligations and adherence to the agreed-upon budget.
EXPERIMENTAL
General
To find each compound’s melting point, an electrothermal instrument, a 9,100, was employed. 1HNMR spectra were collected using Bruker DRX-300 Avance equipment with DMSO-d6. Materials and reagents were acquired from Acros, Merck, and Fluka and utilized right away.
The sustainable method for 3,4-dihydropyrimidin-2-(1H)-one/thione derivatives (4a-t)
At room temperature in EtOH (3 mL), urea/thiourea (2, 1.5 mmol), ethyl/methyl acetoacetate (3, 1.0 mmol), and arylaldehyde derivatives (1, 1.0 mmol) were stirred with 3DPAFIPN (0.2 mol%) and blue light (5 W) (Scheme 1). We used thin-layer chromatography (TLC) to track the reaction’s development. Without requiring any additional purification procedures, the pure substance was obtained by screening, washing with water and ethanol, and crystallizing the crude solid from ethanol following the reaction. The Supplementary Material file contains a report on spectroscopic data.
[image: Scheme 1]SCHEME 1 | Light-mediated synthesis of 3,4-dihydropyrimidin-2-(1H)-one/thione derivatives.
RESULTS AND DISCUSSION
The reaction was optimized in the current study using a 3 mL ethanol medium containing 1.0 mmol of benzaldehyde, 1.5 mmol of urea, and 1.0 mmol of ethyl acetoacetate. Without the aid of a photocatalyst, a trace quantity of 4j was produced for 20 min at room temperature in the presence of 3 mL of EtOH. The pace of reaction was enhanced by the inclusion of photocatalysts. The compounds include 3DPAFIPN, 3DPA2FBN, DCB, DCA, DCN, and diphenylamine, as indicated by the data in Figure 2
[image: Figure 2]FIGURE 2 | The suitability of the catalyst was evaluated in this study.
The present technique can create 4j with varying yields. The aforementioned data showed that 3DPAFIPN’s operational efficacy has increased. A reaction with 0.2 mol% 3DPAFIPN yielded a 97% yield, based on the data in Table 1, entry 2. Results for solvent-free conditions, EtOAc, DMSO, toluene, H2O, EtOH, MeOH, CHCl3, CH3CN, THF, and are displayed in Table 2. In the presence of EtOH, the reaction was demonstrated to have a notably enhanced rate and subsequent yield. Based on the data in Table 2, especially entry 5, a 97% yield was achieved. Table 2 lists the light sources that have been used in studies to assess the impact of blue light on production. In the assessment that was conducted without the use of an illumination tool, the 4j was discovered in extremely little amounts. The results of this investigation demonstrate that 3DPAFIPN and visible light are essential for the effective synthesis of product 4j. The top designs were determined using blue light-emitting diode (LED) intensities of 3 W, 5 W, and 7 W. The results of the investigation showed that the greatest results were obtained when blue light-emitting diodes (LEDs) with a 5 W power output were used. The outcomes of studies conducted on a range of substrates under optimal conditions are displayed in Table 3; Scheme 1 (and also Supplementary Table S1). The benzaldehyde substituent has no effect on the reaction’s result (Table 3). Both polar and halide substitutions were permitted in this reaction. In the current state of the reaction, reactions involving both electron-donating and electron-withdrawing functional groups are acceptable. Aromatic aldehydes that are ortho, meta, and para-substituted have a very high yield potential. The reactions of methyl and ethyl acetoacetate are comparable. Urea and thiourea have comparable reactivities.
TABLE 1 | This table optimizes the photocatalyst for the synthesis of 4ja.
[image: Table 1]TABLE 2 | The table for optimizing solvent and visible light in the synthesis of 4ja.
[image: Table 2]TABLE 3 | Using 3DPAFIPN, a halogenated dicyanobenzene-based photosensitizer, 3,4-dihydropyrimidin-2-(1H)-one/thione derivatives be produced.
[image: Table 3]Table 4 presents the turnover number (TON) and turnover frequency (TOF) as objective value measures. Yield/Amount of Catalyst (mol) and Yield/Time/Amount of Catalyst (mol) are two distinct forms of yield that are commonly expressed as TON and TOF, respectively, in academic literature. The catalyst performance may be enhanced by higher turnover number (TON) and turnover frequency (TOF) values as they need less catalyst to provide the required yields. A TOF of 97 and a TON of 485 are considered high values for 4j. In relation to 4s, a TON of 480 is likewise regarded as high, although a TOF of 96 is deemed excessive. The aim of the inquiry was to reduce reaction times, increase production, and utilize the fewest amount of catalysts.
TABLE 4 | The following calculated were used to determine the turnover frequency (TOF) and turnover number (TON).
[image: Table 4]Gram-scale synthesis
The main emphasis of current research is whether the aforementioned chemicals can be produced on a gram-scale for use in pharmaceutical (R&D) procedures. In one experiment, 50 mmol of 4-methoxybenzaldehyde, 75 mmol of thiourea, and 50 mmol of ethyl acetoacetate were utilized. To retrieve the final product, a standard filtering process was applied after the 6-min reaction period. The 1HNMR spectroscopy results show that the chemical compound in question exhibits a high degree of spectroscopic purity.
Control experiments
Scheme 2 displays the outcomes of the control experiments used to elucidate the process utilizing the visible-light-induced. The synthesis of benzylideneurea (I) in the first stage and its condensation with ethyl acetoacetate (3) in the second are considered to be the two steps of the Biginelli reaction. Under standard circumstances (3DPAFIPN in EtOH under blue LED), benzaldehyde (1) and urea (2) were condensed by reducing H2O to produce benzylideneurea (I). As a consequence, in 97% of reactions between the iminium intermediate (I) and cation radical (II), under normal conditions, the expected product 4j was generated. Even though the reaction was carried out in total darkness, there was still a trace of product 4j created. The results of this experiment indicate that Scheme 3 presents a convincing and rational chemical process.
[image: Scheme 2]SCHEME 2 | To comprehend the condensations of urea (2, 1.5 mmol), ethyl acetoacetate (3, 1.0 mmol), and benzaldehyde (1, 1.0 mmol), significant control tests are conducted.
[image: Scheme 3]SCHEME 3 | This is a detailed illustration of the synthetic procedure that yields 3,4-dihydropyrimidin-2-(1H)-one/thione derivatives.
The suggested mechanism
Scheme 3 provides a thorough description of the suggested methodology. Using single-electron transfer (SET) processes, the cyanoarene organic dye 3DPAFIPN has been utilized to develop photocatalytic reactions that use visible light energy as a sustainable resource. Utilizing visible light expedites the procedure. The ground-state 3DPAFIPN and the intermediate (A) regenerate as a result of the electron transfer (ET) activity between the arylaldehydes (1) and the 3DPAFIPN radical anion. A reactive iminium intermediate (B) is formed when this radical anion (A) is added nucleophilically to urea/thiourea (2). The single-electron transfer (SET) technique is utilized to enhance 3DPAFIPN*, which is produced by visible light, and produce the cation radical (D). The iminium intermediate (B) is attacked by the cation radical (D), leading to the formation of the cyclized dehydrated (4).
Comparison of the catalytic activity of different catalysts with 3DPAFIPN
Table 5 compares how well various catalysts work to encourage the synthesis of 3,4-dihydropyrimidin-2-(1H)-one/thione derivatives. The process in question precipitates rapid chemical changes without generating any waste by using tiny quantities of photocatalyst. When there are quantifiable light wavelengths present, this approach can be used. At multigram scales, atom-economical processes are very efficient and have a big impact on the industrial domain.
TABLE 5 | The results of assessing the various catalysts’ catalytic efficacy for the synthesis of 4ja.
[image: Table 5]CONCLUSION
We have green photosynthesized 3,4-dihydropyrimidin-2-(1H)-one/thione derivatives from arylaldehydes, β-ketoesters, and urea/thiourea by means of the radical-induced Biginelli reaction. In the current work, a new halogenated dicyanobenzene-based photosensitizer; 3DPAFIPN was employed as a donor-acceptor (D-A) photocatalyst. It works by causing a sequence of electron transfers that are triggered by visible light. Blue light-emitting diode (LED) technology has been demonstrated to generate a sustained energy-generating mechanism at room temperature and in an air environment when used in an ethanol medium. The suggested method has significant advantages for the field of chemical synthesis. Fast reaction times, the removal of hazardous solvents, higher product yields, streamlined reaction mechanisms, and the utilization of a sustainable energy source are some of these benefits. The separation method does not need chromatography. By preserving the result, it is possible to accelerate a multigram-scale reaction of model substrates. As a result, the method may be used in an environment that promotes long-term ecological and financial sustainability.
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Functional group compatibility in an amide bond cleavage reaction with hydrazine was evaluated for 26 functional groups in the functional group evaluation (FGE) kit. Accurate and rapid evaluation of the compatibility of functional groups, such as nitrogen-containing heterocycles important in drug discovery research, will enhance the application of this reaction in drug discovery research. These data will be used for predictive studies of organic synthesis methods based on machine learning. In addition, these studies led to discoveries such as the unexpected positive additive effects of carboxylic acids, indicating that the FGE kit can propel serendipitous discoveries.
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1 INTRODUCTION
Amide bonds are among the most abundant chemical bonds in nature and are widely found in various organic molecules, such as peptides, natural products, and pharmaceuticals (Pattabiraman and Bode, 2011; Kaspar and Reichert, 2013; Brown and Bostrom, 2016). The chemical stability of amide bonds is extremely high due to their tendency to form resonance structures (Kemnitz and Loewen, 2007; Wang and Cao, 2011; Mahesh et al., 2018), and this stability affords beneficial properties to amide compounds. Due to their stability, except for biochemical cleavage by enzymes such as peptidases (Dai et al., 1995; Wu et al., 2020), chemical cleavage of amide bonds is quite difficult and often requires harsh reaction conditions (Thorner et al., 2000; Rashed et al., 2019; Lv et al., 2023). If amide bonds can be cleaved under mild conditions, the corresponding carboxylic acid equivalents and amines can be synthesized from various amides. Therefore, the development of amide bond cleavage reactions under mild conditions has attracted increased attention in recent years. Although several excellent reactions have been reported (Chaudhari and Gnanaprakasam, 2019; Li and Szostak, 2020), cleavage of common unactivated amides still requires the use of highly reactive metal catalysts, strict anhydrous conditions, and higher reaction temperatures.
To overcome these problems, we took advantage of the high nucleophilicity of hydrazine and found that simple inorganic ammonium salts, such as ammonium iodide, efficiently accelerated bond cleavage of unactivated amides 1 under mild conditions to afford the corresponding acyl hydrazides 2 and amines 3 in high yields (Scheme 1) (Shimizu et al., 2014). Furthermore, by employing a continuous microwave flow reactor, the reaction was easily scaled up (100 mmol scale, 23 mmol h–1) (Noshita et al., 2019). The obtained acyl hydrazides were easily converted into the corresponding ester 5 by reacting with β-diketone, such as acetylacetone, to the active amide acylpyrazole 4 (Kashima et al., 1994). By combining these reactions, both the carboxylic acid and amine portions of the amide 1 can be effectively utilized for further transformations.
[image: Scheme 1]SCHEME 1 | Ammonium salts promoted cleavage of amide bond with hydrazine and further transformation to esters.
If this reaction could be applied to amides with various functional groups, its usefulness would be greatly enhanced. The functional groups (FGs) are involved in the properties and reactivity of molecules and form the basis for organic chemistry and pharmaceutical chemistry (Dreos et al., 2011; Ertl, 2017). Although several functionalized amide substrates were investigated, comprehensive information on the functional group compatibility in this reaction has not yet been collected due to difficulties in synthesizing such functionalized amide substrates. Therefore, we used a functional group evaluation (FGE) kit (Saito et al., 2023), which allows for accurate and rapid assessment of information on the functional group compatibility using 26 FGE compounds, including the nitrogen-containing heterocycles imidazole and indole, important in drug discovery research (Collins and Glorius, 2013). In this system, the functional group compatibility of a given reaction is assessed by adding 26 external additives with various functional groups. Using this method, comprehensive data on functional group compatibility can be collected and entered into our “Digitization-driven Transformative Organic Synthesis (Digi-TOS)” database (https://en.digi-tos.jp). Artificial intelligence (AI) and digitization show great potential in next-generation organic synthesis, and data-driven prediction research of synthesis is essential to do so. In this regard, reliable information about functional group compatibility and chemoselectivity is important to understand the applicability of the reaction. This Digi-TOS database will be used for the development of a machine learning-based organic synthesis prediction method, such as a retrosynthetic analysis method (Mikulak-Klucznik et al., 2020; Zhang et al., 2023). For this purpose, it is essential to ensure the reliability of data, and therefore, statistical methods are used for handling the data. Another purpose of the FGE kit is to discover unexpected chemoselectivity and unexpected “positive” additive effects. Such unexpected discoveries, which are commonly referred to as “serendipitous,” frequently result in the development of reactions (Maegawa et al., 2011). In fact, in the present study, we found the unexpected positive additive effect of carboxylic acids, and further investigation allowed us to develop a new Lewis acid-catalyzed reaction system. Our results demonstrate that FGE kit effectively promotes serendipitous discovery.
2 RESULTS AND DISCUSSION
2.1 Evaluation of functional group compatibility using FGE kit
2.1.1 Optimization of reaction conditions
Previously, we successfully developed ammonium salt-accelerated hydrazinolysis of unactivated amides using ammonium iodide and hydrazine monohydrate under mild conditions (Shimizu et al., 2014). To evaluate this reaction using the FGE kit, we selected N-(4-(trifluoromethoxy)phenyl)-4-(trifluoromethyl)benzamide (1) as the substrate because yields of the corresponding products 4-(trifluoromethyl)benzohydrazide (2) and 4-(trifluoromethoxy)aniline (3) can be determined by 19F NMR analysis of the crude mixture without affecting 1H-based contaminants such as additives in the FGE kit.
We first optimized reaction conditions for the hydrazinolysis of amide 1aa using General Procedure A (Table 1) (See Supplementary Material for detailed information). Under the standard conditions of our previous studies using 10 equiv of hydrazine hydrate and 1.0 equiv of ammonium iodide at 70 °C for 48 h, the reaction gave only 20% of benzohydrazide 2a (Entry 1). The reaction in the absence of solvent did not proceed (Entry 2). Increasing the reaction temperature to 100 °C increased the yield of 2a to 85% in 24 h (Entry 3). Aiming to accelerate the reaction, we performed the reaction using acidic solvent hexafluoroisopropanol (Zhang et al., 2018; Kabi et al., 2020; Bhattacharya et al., 2021) and trifluoroethanol (Entries 4 and 5) (Smithrud et al., 1990; Bautista et al., 1999; Bai et al., 2019); the use of trifluoroethanol led to desired product 2a in 93% yield. Using trifluoroethanol as the solvent in the absence of ammonium iodide decreased the reaction rate, however, clearly indicating that ammonium salt is important for achieving high reactivity (Entry 6) (Shimizu et al., 2012). On the other hand, the addition of 2 equiv of ammonium iodide decreased the yield of the product (Entry 7). NH4OAc (Kumar et al., 2022) instead of NH4I resulted in the lower yield of 2a (Entry 8). When hydrazine monohydrate was not added, the reaction did not proceed and amide 1aa was recovered quantitatively (Entry 9). Although increasing the amount of hydrazine from 10 to 20 equiv. improved the yield (Entry 10), the change was not significant (Entry 5). On the other hand, two equivalents of hydrazine gave 2a in 14% yield (Entry 11); therefore, 10 equiv was considered optimal. The concentration of the solvent also affected the reaction (Entries 12–14), and a 1 M solvent concentration was optimal (Entry 5). As shown in this table, the yields of benzohydrazide 2a and aniline 3a were nearly identical, so only the yields of 2a are listed in the following tables (See Table 1).
TABLE 1 | Optimization of reaction condition using amide 1aa.
[image: Table 1]2.1.2 Additive compounds A0–A26 for FGE kit
After determining the optimized reaction conditions (Table 1, Entry 5), we applied the FGE kit to the reaction. Additive compounds A0–A26 for our FGE kit contain the 4-chlorophenyl moiety as the parent backbone to facilitate 1H NMR monitoring of the remaining additives (See Table 2). Because of its UV absorption, the 4-chlorophenyl moiety also enables HPLC analysis of the remaining additives. Furthermore, the isotopic distribution of the chlorine atoms facilitates the detection of chlorine-containing additive molecules as well as side products associated with the additives using mass spectroscopic analysis. We selected 26 functional groups found in many organic molecules, including amino acid residues such as the nitrogen-containing heterocycles imidazole A7 and indole A22.
TABLE 2 | Experimental results for hydrazinolysis of amides using FGE kit.
[image: Table 2]2.1.3 Control experiment with additive A0
Before starting the evaluation with the FGE kit, it was necessary to check whether the 4-chlorophenyl structure in the additive affects the reaction. Therefore, a control experiment was carried out by adding 1.0 equiv of additive A0 (1-butyl-4-chlorobenzene), which does not contain an additional functional group, to the amide bond cleavage reaction. Another objective of the control experiment with additive A0 was to check for reproducibility using the criterion of the standard deviation (σ) of the product yield (%) within 5 (σ ≤ 5) in five experiments (n = 5). Detailed experimental methods for using the FGE kit are reported in our previous work (Saito et al., 2023) (See Supplementary Material for detailed information).
Under optimized reaction conditions, the reaction was carried out five times with 1.0 equiv of additive A0 (Figure 1). The average yield decreased to 73% due to the decrease in the concentration caused by the addition of A0. Therefore, evaluation of the additive effect using A1–A26 is based on this yield. The standard deviation of the yield (%) was 0.97, suggesting that sufficient reproducibility could be obtained even under the conditions with additives. No decreases in the remaining additive (%) were observed (97%), and high reproducibility was obtained with a standard deviation of 2.52, indicating that the 4-chlorophenyl structure is tolerant to the reaction conditions (Supplementary Table S1).
[image: Figure 1]FIGURE 1 | Reaction with additive A0. aDetermined by 19F NMR analysis of the crude mixture using 4-(trifluoromethoxy)anisole (0.1 mmol) as an internal standard. bThe amount of additives were calculated by 1H NMR analysis of the crude mixture using 4-(trifluoromethoxy)anisole (0.1 mmol) as an internal standard. 
2.1.4 Evaluation functional group compatibility with additive A1–A26
After fulfilling the reproducibility criteria of additive A0, we examined the additive effects of the other additives, A1–A26, in the FGE kit. Each additive was subjected to an F-test through duplicate experiments (n = 2). Only when the F-test indicated that the variance differed and the variability was too high, two additional experiments with the same additives were performed. The following symbols are used in the experimental results (Figure 2; Table 2). The blue plus sign (+) indicates a statistically significant increase effect. The green plus/minus sign (±) indicates no statistically significant effect, but a result that was comparable to that of the control experiment. The yellow dash sign (−) indicates a statistically significantly decrease effect. When there was a significant decrease of more than half compared with the control experiment, a red “X” was used. Significant differences were determined by a t-test.
[image: Figure 2]FIGURE 2 | The symbols in FGE kit.
The effects of 26 additives A1–A26 in the FGE kit were examined using General Procedure B (Table 2) (See Supplementary Material). Additives A2, A7–A9, A12, A19, A22, A23, and A26 with alcohol, imidazole, aryl bromide, iodide, silyl ether, thiol, indole, primary amine, thioester moieties had no effect on product yield nor remaining additives. It is particularly important that highly reactive thiol A19 and thioether A26, as well as N-unprotected imidazole A7 and indole A22, were tolerated. Additives A5, A6, A10, A11, A15, A18, A21 and A24 with aldehyde, primary amine, terminal alkene, alkyne, enone, nitrile, guanidine and ester moieties did not affect the product yields, but the remaining additives were decreased, suggesting that the functional groups of these additives reacted under the reaction conditions (vide infra). In the case of additives A3 and A14 with aryl chloride and epoxide moieties, the yield of the product slightly increased and the remaining additive was unchanged. On the other hand, additives A1 and A17 with carboxylic acid moieties provided significantly higher product yields than the control reaction with additive A0 although the remaining additives were decreased due to the formation of byproducts (vide infra). For additives A4, A13 and A16 with alkyl ketone, naphthol and aryl ketone moieties, both the yield of the product and the remaining additive were decreased. The addition of A20 and A25 with Bpin and Boc-protected amine moieties decreased the product yields but did not change the remaining additives.
The decrease in the remaining additives was mainly due to the formation of the corresponding byproducts by a competitive reaction between the additives and hydrazine. The byproducts that formed from the additives were either isolated from the crude mixture or, if difficult to isolate, synthesized by methods reported in the literature, and their structures were confirmed using NMR and mass spectrometry analysis (See Supplementary Material).
As expected, carboxyl groups in additives A1 and A17, the amide group in additive A6, and the ester group in additive A24 reacted with hydrazine to afford the corresponding acyl hydrazides such as B1.
The carbonyl groups in additive A4, A5, and A16 also reacted with hydrazine to form the corresponding hydrazones such as B4, B5, and B16 (Scheme 2). Additive A15 with an enone moiety and additive A18 with a nitrile moiety also reacted with hydrazine to give nitrogen-containing heterocycles pyrazoline B15 and tetrazine B18 in good yields. On the other hand, some unexpected reactions were also observed. Additive A21 with a guanidine moiety reacted with hydrazine to give amine B21.
[image: Scheme 2]SCHEME 2 | Formation of byproducts derived from additives A4, A5, A15, A16, A18 and A21.
In the reactions using additives A10 and A11 containing terminal alkene and alkyne, a partial reduction proceeded to produce alkane B10 and alkene A10 (Scheme 3). This type of reduction of olefins by hydrazine was reported by Imada et al., where hydrazine was in situ-oxidized to diimide and the reduction was promoted by Brønsted acids (Arakawa et al., 2017). Surprisingly, the phenolic hydroxyl group and Ar-Cl moiety in additive A13 were converted to amino groups to give naphthalene-1,4-diamine (B13). The discovery of these unexpected reactions is an advantage of using the FGE kit.
[image: Scheme 3]SCHEME 3 | Formation of byproducts derived from additives A10, A11, and A13.
Functional group compatibility of a reaction is evaluated from two aspects: the effect of the functionalized additive on the product yield and the remaining additive. The two-dimensional plot in Figure 3 shows the degree of the functional group compatibility for each reaction at a glance. In this plot, dots positioned near additive A0 (red dot in the plot) indicate that the functional groups in the corresponding additive are tolerant in this reaction. On the other hand, dots father away from additive A0 suggest that the reaction is significantly (often negatively) affected by the presence of the functional groups in the additives. This plot clearly shows that under the conditions of this amide bond cleavage reaction, although some functional groups reacted (reducing the recovery of the additive), many functional groups did not inhibit the reaction itself (reducing the yield). In addition, there are many additives with positive effects, and additives A1 and A17 with a carboxyl group significantly increased the product yield.
[image: Figure 3]FIGURE 3 | Two-dimensional representations of the product yield (%) and remaining additives (%).
2.2 Acidic additives for accelerating the amide bond cleavage reaction
Because the above results suggested that carboxyl groups accelerate the ammonium salt-promoted amide bond cleavage reaction, we next examined various acidic additives.
2.2.1 Screening of Brønsted acid additives
Carboxylic acids are easy to handle and often inexpensive (Gooßen et al., 2008; Pichette Drapeau and Gooßen, 2016). Therefore, even if the amide bond cleavage reaction requires an equivalent amount of additive, the carboxylic acid addition conditions can be a useful reaction system.
First, we screened various inorganic and organic Brønsted acids as additives using General Procedure B (See Supplementary Material). To evaluate the additive effects on the reaction rate, product yields were examined for 6 h during the course of the reaction. The use of inorganic acids C1–C3 significantly decelerated the reactions (Table 3). Next, we examined a wide variety of mono-carboxylic acids C4–C34 including A1 and A17 as additives to evaluate changes in the product yield. Overall, aliphatic or aromatic carboxylic acids were not very important, and the correlation between the electrical effects and reactivity was low. On the other hand, it is important to have a certain molecular size, and carboxylic acids, especially those with aromatic rings such as benzene rings, exhibited a good tendency. Ortho-substituted Benzoic acids C16–C18 and C26 were expected to have excellent effects because their carboxylic acid moieties did not react with hydrazine due to steric hindrance. They, however, did not significantly impact the product yields, suggesting that carboxylic acids without steric hindrance should be considered as additives to accelerate the reaction. The acceleration effect of heterocyclic rings is low (C29–C34). The presence of hydroxyl (C8 and C22) and amino (C7) groups in the vicinity of carboxylic acids was not desirable, and dicarboxylic and tricarboxylic acids (C34–C42) rather inhibited the reaction. Other types of acidic compounds, 4-toluenesulfonic acid (C41) and BINOL (C42), were also ineffective. Based on this screening study, we concluded that 4-butyl benzoic acid (C19) and 2-naphthoic acid (C27) were the most effective additives for the amide bond cleavage reaction.
TABLE 3 | Screening of Brønsted acid additives.
[image: Table 3]2.2.2 Control experiments between carboxylic acid and hydrazide
As mentioned above, although several carboxylic acids had positive additive effects, the carboxyl groups reacted with hydrazine to form the corresponding hydrazide (Scheme 4). Therefore, control experiments between carboxylic acids and hydrazides were performed to determine whether the positive effect was due to the carboxylic acid or the in situ-formed hydrazide.
[image: Scheme 4]SCHEME 4 | Formation of byproducts derived from additives A1, A17, A6 and A24.
We selected benzoic acid (C14) and 4-chlorobenzoic acid (A17) as representative carboxylic acids, and the corresponding hydrazides were synthesized to study their effects. As shown in Table 4, the addition of hydrazides had lower effects (Entries 4 and 7) than carboxylic acids (Entries 2 and 5). Furthermore, the addition of equal amounts of carboxylic acid and hydrazide gave intermediate-level results (Entries 3 and 6). These results clearly suggest that carboxylic acids accelerated the amide bond cleavage reaction, not hydrazides.
TABLE 4 | Comparison of carboxylic acids and hydrazides.
[image: Table 4]2.2.3 Lewis acid additives for accelerating the amide bond cleavage reaction
Because carboxylic acids are gradually converted to less effective hydrazides under the reaction conditions, we next examined Lewis acids as additives. Some Lewis acids are reported to accelerate C–H/C–C/C–O/C–N bond cleavage reactions and improve reaction efficiencies (Kita et al., 2013; Baglia et al., 2016; Gao et al., 2021).
In fact, the addition of 1.0 equiv of Zn(OTf)2 greatly accelerated the reaction, increasing the yield of 2a from 37% to 91% under the conditions shown in Supplementary Table S9. Furthermore, when the amount of Lewis acid was reduced to 0.1 equiv, the additive effect was maintained, although the yield was reduced to 66% (Table 5, Entry 9). In this case, no products other than the substrate 1aa and the target products 2a and 3a were observed.
TABLE 5 | Screening of Lewis acid catalysts.
[image: Table 5]We then screened various Lewis acid catalysts for the amide bond cleavage reaction using General Procedure B (Table 5) (See Supplementary Material). Although many Lewis acids showed no positive effects, a catalytic amount of Fe(OTf)3 along with Zn(OTf)2 efficiently accelerated the amide bond cleavage reactions and increased the yield of product 2a (Entry 15). Furthermore, in the case of Zn(OTf)2, the reaction was accelerated more efficiently in the absence of ammonium iodide (Entry 10). On the other hand, in the case of Fe, no acceleration effect was observed under conditions without NH4I (Entry 16).
2.2.4 Scope of amide substrates with acidic additive/catalyst
Finally, with the optimized activation systems using carboxylic acids C19 and C27 (1.0 equiv) and Lewis acid catalysts Fe(OTf)3 and Zn(OTf)2 (0.1 equiv) in hand, the substrate generality of amide was examined using General Procedure B (Table 6) (See Supplementary Material).
TABLE 6 | Substrate scope of amides with acidic additive/catalyst.
[image: Table 6]We found that the additives also had a reaction-accelerating effect on other amide substrates. Again, to clarity the differences in the effects of these four systems, the results are shown for a reaction time of 6 h before the reaction is complete. Although the degree of effectiveness of each system varied depending on the substrates, in all cases the addition of 1.0 equiv of carboxylic acid was effective. In the case of 8-aminoquinoline amide 1be, a highly effective and frequently used directing group amide, the system using a zinc catalyst without the addition of NH4I showed drastic acceleration effects, increasing the yield from 30% to 99% at 6 h. With acidic additives/catalysts, the reactions using amides 1bb–1bf were almost completed by prolonging the reaction time. The addition of carboxylic or Lewis acids to the amide bond cleavage reaction is expected to be useful for cleavage of less reactive amide bonds.
3 CONCLUSION
In conclusion, we evaluated functional group compatibility in amide bond cleavage reactions using the FGE kit, which allows for accurate and rapid assessment of functional group compatibility using 26 FGE compounds with different functional groups. Except for some functional groups that react with hydrazine, we found many functional groups that are compatible. These evaluation experiments revealed that an unprecedented substitution reaction of additive A13 with phenolic hydroxyl group proceeded. Moreover, carboxylic acids were discovered to accelerate the reaction, leading to the development of a new catalytic amide bond cleavage reaction with Zn(OTf)2. These results revealed the clear advantage of the FGE kit for both collecting data that can be applied for machine learning and discovering seeds for the development of new reactions.
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Entry Catalyst Condi Time/Yield (%) References

1 Bakers' yeast Room temperature 1,440 min/s4 Kumar and Maurya (2007)

2 Hydrotalcite Solvent-free, 80°C 35 min/84 Lal et al. (2012)

3 [AI(H0))(BE,); MeCN, Reflux 1,200 min/81 Litvic et al. (2010)

4 Cu(BE),xH,0 Room temperature 30 min/90 Kamal et al. (2007)

5 [Btto] [p-TSA] Solvent-free, 90°C. 30 min/96 Zhang et al. (2015)

6 triethylammonium acetate Solvent-free, 70°C. 45 min/90 Attri et al. (2017)

7 saccharin Solvent-free, 80°C. 15 min/88 Mohamadpour et al. (2016)

8 caffeine Solvent-free, 80°C. 25 min/91 Mohamadpour and Lashkari (2018)
9 3DPAFIPN Blue LED, EtOH, rt 5 min/97 This work

*The synthesis requires three

redients: urea, ethyl acetoacetate, and benzaldehyde.
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2 15 10 I NaOfBu (2.0) 481719

3 15 10 DBU (20) 38/trace/trace
4 s 10 NaH (2.0) 51/13/12

5 i 15 | 10 | KOfBu (2.0) 26/9/5

6 15 10 LiOtBu (2.0) 48/3/7

7 1.0 10 LiOtBu (1.2) 46/6/4

8 1.0 10 LiOtBu (1.5) 49/5/4

9 1.0 10 LiOtBu (1.8) 55/5/5

10 1.0 10 | LiOtBu (2.0) 57/5/4

1 1.0 10 LiOtBu (2.5) 55/4/4

12 1.0 15 LiOtBu (2.0) 73/8/trace
13 10 20 LiOtBu (2.0) 82/8/trace
14° 1.0 20 LiOtBu (2.0) 18/2/trace
15¢ 1.0 20 LiOtBu (2.0) trace/trace/trace
16 1.0 20 | no base trace/traceftrace

Entry 13 was selected as an optimal condition.

“Reaction conditions: 1a or 2a was used as a limiting reagent (0.1 mmol for 1.0 equiv) in DMSO (1.0 mL) under N atmosphere at rt for 20 h.
"NMR, yields were measured with the caffeine as an internal standard.

‘DMF, was used instead of DMSO.

THE. was used instead of DMSO.
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» () op \ "
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‘Reaction conditions: 1 (0.1 mmol), 2 (2.0 equiv) and LiO7Bu (2.0 equiv) in DMSO (1.0 mL) under N, atmosphere at rt for 20 h. Isolated yields.
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/©/ onsted acid C (1.0 equiv) NH, OCF3
/©)LN + HNNHpH0 4 NHJ — NER O/
H i HN
FAC

Internal standard (1.0 equiv) B o
Trifluoroethanol (1 M) FsC
100°C, 6 h
1aa 2a 3a
(0.1 mmol) 10 equiv 1 equiv (Yield)?

| HpSO HsPO;  CF3SOH i i i i i
none ' 2504 304 3903

: won metoon Aoy et Ao ro g,
(37%) | C1(19%) C2(11%) C3(37%) C4(25%) C5(35%)  C6(22%) C7(28%)  C8(19%)
mori OH oH B - 0

OH OH
SR ENOR Y
Me' o FsC CI/©/\)L ©
Me
C9 (46%) C10 (56%) C11 (50%) 1 (58%) C12 (59%) C13 (48%)
C14 (59%) C15 (50%) C16 (47%) C17 (53%) C18 (53%) C19 (62%)
€20 (59%) C21 (60%) C22 (25%) €23 (52%) C24 (55%) C25 (49%)
A17 (59%) C26 (43%) €27 (65%) C28 (54%) C29 (53%) C30 (42%)
C31 (43%) c32 (37%) C33(49%) C34 (51%) €35 (16%) €36 (25%) €37 (21%)
% J\E:L OO
C38 (37%) C39 (21%) C40 (21%) C41 (49%) C42 (34%)

R analysis of the mixture using 4-(triflucromethoxy)anisole (0.1 mmol) as an internal standard.
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Additive X equiv/Y equiv Yield of 2a (%)*

1 none - 37
2 benzoic acid 10 59 ‘
3 benzoic acid/benzohydrazide 05/05 48 ‘
4 benzohydrazide 10 38

5 4-chlorobenzoic acid 10 59

6 4-chlorobenzoic acid/4-chlorobenzohydrazide 05/05 44 ‘
7 4-chlorobenzohydrazide 10 43 ‘

"Determined by '*F NMR analysis of the crude mixture using 4-(trifluoromethoxy)anisole (0.1 mmol) as an internal standard.
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Zn(OTf), Zn(OTf),
without NH,4I
° OMe 69% 73% 70% 63% 67% 45%
83% (12h) 91% (12 h) 88% (12h) 84% (12 h)
N
H
Iba"
o Br 40% 71% 76% 40% 51% 76%
N/©/ 67% (12 h) >99% (12 h) 93% (12 h) 90% (12 h)
H
1bb
o 39% 53% 55% 44% 45% 77%
N 67% (12 h) 76% (12 h) 76% (12 h) 87% (12 h)
L SMe >99% (24 h) >99% (24 h) >99% (24 h)
Ibe
[¢] 2% 51% 56% 62% 50% 38%
N/\© 67% (12 h) >99% (24 h) >99% (24 h) 79% (24 h) 82% (24 h)
H
1bd
o 30% 57% 54% 53% 76% >99%
N 54% (12 h) 80% (12 h) 82% (12 h)
H Ny | >99% (24 h)
1be”

“Determined by 'H NMR analysis of the mixture using an internal standard.

bAt 90 °C.
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X
equiv

Y

equiv

1 10 10 ethanol 10 70 48 20 17 82
2 [ 10 L0 = = 70 24 ND* N.D" 299
3 10 10 ethanol 10 100 24 85 81 17
4 10 10 hexafluoroisopropanol 10 100 24 82 82 18
5 10 10 trifluoroethanol 10 100 24 9 9 7
6 10 - trifluoroethanol 10 100 2 52 53 48
7 | 10 20 ifluoroethanol 10 100 24 6 67 32
8 10 10° trifluoroethanol 10 100 2 57 60 42
o - 10 trifluoroethanol 10 100 24 ND* N.D* 299
10 20 10 trifluoroethanol 10 100 24 299 299 N.D*
11 20 10 trifluoroethanol 10 100 2 15 14 85
12 [ 10 10 trifluoroethanol 05 100 2 66 67 33
13 | 10 10 trifluoroethanol 14 100 24 78 78 2
14 10 10 trifluoroethanol 20 100 24 76 76 24

“Determined by ’F NMR analysis of the crude mixture using 4-(trifluoromethoxy)anisole (0.1 mmol) as an internal standard.

"Not detected.

‘NH,OAc was used instead of NH,I.
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“Determined by "*F NMR analysis of the crude mixture using 4-(trifluoromethoxy)anisole (0.1 mmol) as an internal standard.
"Standard error

“Determined by 'H NMR analysis of the mixture using 4-(trifluoromethoxy)anisole (0.1 mmol) as an internal standard.

n = 5.
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i ? Rhg(easszf “ ;nul%) Ph
Nk HFIP, 23 °C, 16 h Ph N -
NS ) "
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Convers
1 = >95 2179
2 ) o5 m
3 TFA (10) >95 31:69
& | TIOH (3) [ 1221 4:>96 (4: > 96)
5 PPTS (3) 27 4596
6 2,6-Lutidine (3) >95 2476
7 | BN ) >95 2674
8 C5,C0, (3) >95 19:81
9 Barton’s base (3) Complex mixture

“Conversion was determined using 1H NMR, analysis of unpurified reaction mixture.
"The regioselectivity was determined using 1H NMR, and reverse-phase HPLC, analysis of unpurified reaction mixture.
“The values in parentheses were obtained after 48 h. TFA, trifluoroacetic acid; TFOH, trifluoromethanesulfonic acid; PPTS, pyri
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N Rhy(esp), (x mol%) -7 Ph
. TFA (y equiv) I ’L_y\/
I _ > ' e
solvent, 23 °C Ph .

Entry 1

anti/syn (12)

1 0Bz A 73 31:69 8317

3 ?Ts B 77 43:57 84/16

3 0Bz A 8 >96:4 81/19

4 i B 84 >96:4 88/12

A 82 >96:4 83/17

6 oTs B 83 >96:4 89/11

Conditions A: Rhs(esp); (1 mol%), TFA (10 equiv), HFIP,, Conditions B: Rhy(esp); (2 mol%), TFA (2 equiv), TFE.
*Products were isolated after conversion into the corresponding N-Ts adducts. TFE; 2.2,2-trifluoroethanol, Ts; p-toluenesulfonyl.
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Ir
o

Light source Solvent (3 mL) Time (min) Isolated yields (%)
1 Blue light (5 W) EtOAc 5 68
2 Blue light (5 W) DMSO | 25 29
3 Blue light (5 W) toluene 25 26
4 Blue light (5 W) | H20 6 7
5 Blue light (5 W) EtOH 5 97
6 | Blue light (5 W) | MeOH 8 [ 59
7 Blue light (5 W) - | 8 46
8 Blue light (5 W) | CHCI3 30 17
9 Blue light (5 W) CH3CN 5 75
10 | Blue light (5 W) | THF 25 15
1 | White light (5 W) EtOH 5 82
B | Green light (5 W) | EtOH 5 90
13 Blue light (3 W) | EtOH 5 [ 89
1 | Blue light (7 W) EtOH 5 97
15 - EtOH 20 trace

sReaction conditions: a mixture of urea (1.5 mmol), benzaldehyde (1.0 mmol), and ethyl acetoacetate (1.0 mmol) was added to 0.2 mol% 3DPAFIPN.
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B 3DPAFIPN (0.1 mol%) FtOH 5 84
2 3DPAFIPN (0.2 mol%) EtOH 5 97
3 3DPAFBN (0.2 mol%) EtOH 5 82
4 DCB (0.2 mol%) EtOH 5 19
5 DCA (02 mol%) EtOH 5 27
6 DCN (0.2 mol%) FtOH 5 2
7 Diphenylamine (0.2 mol%) EtOH 5 31
B 3DPAFIPN (0.3 mol%) EtOH 5 97
9 - EtOH 20 trace

s condtonis sl pholonstalis s caiand with bessaldahuie 110 sl othol acieacetnte 0 mnol): and st E15 okl o coons BRmseeRion:






OPS/images/fchem-12-1355636/inline_1.gif
-
al





OPS/images/fchem-12-1361266/crossmark.jpg
©

|





OPS/images/fchem-12-1361266/fchem-12-1361266-g001.gif
o)
ol A
o i g oAy
G, G o

Monastrol 5@ 32926 Nitractin

~ oJ_J. .
P T,
o AN )
Ul R

Crambescin ¢

u,NY:n/\/\“ . !

Crambescin A

de,

. .





OPS/images/fchem-12-1361266/fchem-12-1361266-g002.gif





OPS/images/fchem-12-1355636/fchem-12-1355636-g004.gif





OPS/images/fchem-11-1280633/fchem-11-1280633-g001.gif





OPS/images/fchem-11-1280633/fchem-11-1280633-g002.gif





OPS/images/fchem-11-1280633/fchem-11-1280633-g003.gif





OPS/images/fchem-11-1280633/fchem-11-1280633-g004.gif





OPS/images/fchem-11-1272034/fchem-11-1272034-g005.gif
"






OPS/images/fchem-11-1272034/fchem-11-1272034-g006.gif





OPS/images/fchem-11-1280633/crossmark.jpg
©

|





OPS/images/fchem-11-1280633/fchem-11-1280633-.gif





OPS/images/fchem-11-1272034/fchem-11-1272034-g003.gif
G
P w 2.8-Meyphen (10 mo)
6

Ty
Rl
s

40
O 0O (O
O~ G0~ w0

S
o





OPS/images/fchem-11-1272034/fchem-11-1272034-g004.gif





OPS/images/back-cover.jpg
Frontiers in
Chemistry

Explores all fields of chemical science across the
periodic table

Advances our understanding of how atoms, ions,
nd molecules come together and come apart.
it explores the role of chemistry in our everyda
lives - from electronic devices to health and
wellbeing,

Discover the latest
Research Topics

005 Lausanne. Swizeriand






OPS/images/fchem-11-1279418/fchem-11-1279418-g003.gif





OPS/images/fchem-11-1279418/math_qu1.gif





OPS/images/fchem-11-1271896/crossmark.jpg
©

|





OPS/images/fchem-11-1280633/fchem-11-1280633-t001.jpg
Solvent Yield of 8 (%)?

1 AcOH Neat 4 No rxn

2 AcOH | 1,4-Dioxane 5 No rxn

3 AcOH Toluene 5 No rxn
4 | acon 12- [ 5 <8

Dichloromethane

5 AcOH | 1,2-Dichloroethane | 6 No rxn

6 AcOH | THF 6 No rxn
7 TFA CH;CN/H0 (9:1) [ = 60
| Tea CH;CN/H,0 (2:1) ‘ 5 75
9 TFA Acetone/H,0(9:1) | 4 80
0 TFA [ Acetone/H,0 (2:1) [ 4 90
11 H,80, | Acetone/H,0 (2:1) ‘ 4 82

‘Reaction performed at 0.6 mmol of compound A.
"Protic acid (1.0 equiv.).

“Time in hours.

“Isolated yield.

“Acstutnd produc 8,
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NMR Yield of 2aa” pLEVELE]

i La(OTh); (CH,Ql), 81% (25 h) >20:1
2 La(OT), PhH 81% (25 h) 16:1
3 La(OT), [ EtOAc I 77% (12 h) >201
4 I La(OT), [ MeCN 7 58% (12 h) >20:1
5 (0T, | (CHCl), ' 62% (45 h) >201
6 | LOTf (CH,CI), ND. (6 h) -
7 Ni(ClO,)6H,0 [ (CHCl), 13% (6 h) | -
8 TFOH" (CH,CI), 10% (6 h) -
o - | (CH,C), NR. (25h) -
10 [ - [ (CH,C); ND. (24h) -

"NMR yield was determined using mesitylene.
brg olan
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R Time (h) Isolated yield

H (1)
MeO (1ma)

NO;* (1na)

“A negligible amount of undetermined byproduct was contaminated.
"Isomers of tetrahydroquinoline were obtained as an inseparable mixture.
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\ metal salts
\ TMSOTY, base L
N DCE N
“Bn temperature. “Bn
time.
9 2

Metal salts Base mp. Yield (%
1 Ag.CO; DIPEA reflux 1 59 (57)°
2 Ag,CO; 2,6-lutidine reflux. 1 46
3 Ag,CO, DIPEA 60C 1 63
4 Ag,CO, DIPEA 40C 15 80
5 Ag,COs DIPEA rt 6 95 (93)°
6 AgNTf, DIPEA et 3 96 (93)°
» AgNTf, DIPEA rt 3 95 (92)°
8 AgNTH, DIPEA It 3 94 (90)°

“Reaction conditions: 1 (0.1 mmol), metal salts (0.1 equiv), TMSOTF (4.0 equiv), base (4.0 equiv), DCE (0.05 M).

"The chemical yield was estimated via 'H NMR, analysis of the crude reaction mixtures using tetrachloroethane (C;H,Cl,) as the internal standard.

Tsolation yield.

“The reaction was carried out under CH,Cl,.

‘1.0 mmol scale. TMSOTH

‘rimethylsilyl trifluoromethanesulfonate, DIPEA = N,N-]

PRI v T g
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