

  molecules-27-01756




molecules-27-01756







Molecules 2022, 27(6), 1756; doi:10.3390/molecules27061756




Article



Greener Synthesis of Antiproliferative Furoxans via Multicomponent Reactions



Mariana Ingold 1, Victoria de la Sovera 1,2, Rosina Dapueto 3, Paola Hernández 4[image: Orcid], Williams Porcal 1,2,* and Gloria V. López 1,2,*[image: Orcid]





1



Laboratorio de Desarrollo de Fármacos y Biología Vascular, Institut Pasteur Montevideo, Mataojo 2020, Montevideo 11400, Uruguay






2



Departamento de Química Orgánica, Facultad de Química, Universidad de la República, Av. General Flores 2124, Montevideo 11800, Uruguay






3



I + D Biomédico, Centro Uruguayo de Imagenología Molecular, Montevideo 11600, Uruguay






4



Departamento de Genética, Instituto de Investigaciones Biológicas Clemente Estable, Montevideo 11600, Uruguay









*



Correspondence: wporcal@fq.edu.uy (W.P.); vlopez@fq.edu.uy (G.V.L.)







Academic Editors: Roberta Fruttero, Elena Gazzano and Federica Sodano



Received: 31 December 2021 / Accepted: 5 March 2022 / Published: 8 March 2022



Abstract

:

Prostate and bladder cancers are commonly diagnosed malignancies in men. Several nitric oxide donor compounds with strong antitumor activity have been reported. Thus, continuing with our efforts to explore the chemical space around bioactive furoxan moiety, multicomponent reactions were employed for the rapid generation of molecular diversity and complexity. We herein report the use of Ugi and Groebke–Blackburn–Bienaymé multicomponent reactions under efficient, safe, and environmentally friendly conditions to synthesize a small collection of nitric-oxide-releasing molecules. The in vitro antiproliferative activity of the synthesized compounds was measured against two different human cancer cell lines, LNCaP (prostate) and T24 (bladder). Almost all compounds displayed antiproliferative activity against both cancer cell lines, providing lead compounds with nanomolar GI50 values against the cancer bladder cell line with selectivity indices higher than 10.
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1. Introduction


Cancer is one of the main causes of death worldwide, accounting for nearly 10 million deaths in 2020 [1]. Bladder cancer is the fourth most common cancer in men. It is a complex disease associated with high rates of morbidity and mortality if not treated optimally. The normal treatment is transurethral resection with chemoradiation, but for some patients first-line chemotherapy cannot control the disease [2]. Prostate cancer is the second most frequent malignancy in men worldwide. Despite advances in knowledge about this disease, an effective therapeutic agent for its treatment is still needed [3]. For these reasons, it is necessary to develop new, safe, and more efficient compounds for the treatment of these pathologies.



Currently one of the key objectives in medicinal chemistry is the search for new drugs following the Green Chemistry guidelines [4,5].



In this context, our group has dedicated the last years to the search for compounds with antitumoral activity via efficient and more environmentally friendly methodologies. A synthetic tool explored by our group is multicomponent reactions (MCR). MCR are those reactions in which the product is formed from three or more reagents in a single reaction step with high atomic efficiency [6]. These reactions are excellent tools in medicinal chemistry for the generation of structural diversity and for hybridizing/conjugating different pharmacophores in the same molecule, hence the importance of their development for our research group [7]. In this sense, we have previously described a green process for the synthesis of tocopherol analogues via Passerini and Ugi MCR and their antiproliferative activity against a panel of six human solid tumor cell lines [8]. Then, a second-generation focused library of nitric-oxide-releasing compounds was prepared by microwave-assisted Passerini and Ugi reactions. Nearly all compounds displayed potent antiproliferative activities against a panel of human solid tumor cell lines, with compound Ugi-Fx (8a) (Table 1) exhibiting the strongest activity on the SW1573 lung cell line (GI50 = 21 nM) with a selectivity index of 470. Preliminary mechanistic studies suggest a relationship between nitric oxide (·NO) release and antiproliferative activity [9].



Among the MCRs, the Ugi and the Groebke–Blackburn–Bienaymé (GBB) reactions have been widely used in medicinal chemistry. The Ugi four-component reaction was first reported in 1959 by Ivar Ugi and is one of the most important MCRs that allows access to peptide-mimetic structures [10]. This reaction combines an amine, an aldehyde, a carboxylic acid, and an isocyanide to form a bis-amide derivative (Figure 1). In 1998, a new variant of the Ugi MCR was independently reported by three researchers from different countries (Katrin Groebke (Switzerland), Christopher Blackburn (USA), and Hugues Bienaymé (France)), named the Groebke–Blackburn–Bienaymé reaction [11,12,13]. This three-component reaction involves an aldehyde, a 2-aminoazine, and an isocyanide, giving a place to a highly substituted and fused imidazole derivative (Figure 1). Both MCRs are great instruments for drug development [14,15], and they have been explored under green chemistry conditions [8,9,16,17,18]. Previous studies showed that peptidomimetic structures and imidazoheterocycles obtained by Ugi and GBB multicomponent reactions, respectively, present promising antitumor activities in various models [15,19,20].



To continue in the line of our previous work, we designed a third series of compounds with the ability to release ·NO, particularly incorporating the furoxan group. Nitric oxide, ·NO, is a free radical that was described by Nobel Prize winners Furchgott, Ignarro, and Murad as a signaling molecule in the cardiovascular system. Since then, a wide variety of biological processes in which this compound participates have been described in addition to its application in the area of drug discovery [21]. The role of ·NO in cancer has been extensively studied. It has been determined that its action is variable, sometimes as an antineoplastic agent and others as a proneoplastic agent. This depends mainly on its intracellular concentration but also on the microenvironment, cell type, and the exposure time to ·NO. Some studies suggest that at high levels this radical can exert its antitumor activity through various mechanisms [22,23]. Among the structures capable of releasing ·NO, furoxans are a widely used example in medicinal chemistry [24], especially in the search for anticancer agents [25]. Antitumoral drug discovery efforts have registered an increased application of the molecular hybridization concept in the last years. Several hybrid compounds containing ·NO donor moieties have been reported with significant antiproliferative activity [2,26,27]. In this context, we designed a molecular hybridization strategy combining Ugi and GBB products with the furoxan system as a ⋅NO-releasing group.



In summary, in this work we report the use of Ugi and Groebke–Blackburn–Bienaymé multicomponent reactions under efficient, safe, and ecofriendly conditions to synthesize a small collection of nitric-oxide-releasing molecules, using the furoxan system as a pharmacophore and their evaluation as antiproliferative agents in bladder and prostate cancer cells.




2. Results and Discussion


2.1. Chemistry


2.1.1. Ugi Reaction


In our previous work, we reported the synthesis of the compound Ugi-Fx (8a) according to route A (Scheme 1), where 3,4-bis(phenylsulfonyl)furoxan (2) was previously coupled to 3-hydroxybenzoic acid to yield compound 3. Then, the intermediate 3 was used as a component in the Ugi reaction, obtaining the desired product 8a in an overall yield of 24% [9]. At the beginning of the present work, we decided to study the synthetic strategy according to route B (Scheme 1). In the first step, the Ugi reaction was carried out in an excellent yield, and in the second step, 3,4-bis(phenylsulfonyl)furoxan (2) was linked to Ugi structure 7a, which led to an improvement of almost double the overall yield, obtaining Ugi-Fx (8a) in a 47% yield. It is noteworthy that greener conditions were used in both reaction steps, using green solvents under mild and efficient heating conditions.



The Ugi reactions were carried out using a Monowave 50 reactor (Anton Paar). It employs conductive heating of a sealed glass vessel via a stainless-steel heating jacket and includes online temperature and pressure monitoring in addition to magnetic stirring. In this sense, the results obtained using a microwave reactor can be replicated in the simpler, cheaper, and smaller synthesis reactor [28]. For example, the reaction to obtain Ugi-Fx (8a) from compound 3, was previously carried out in a microwave reactor [9], and the yield was the same using the Monowave 50 reactor (63%).



For the coupling between the phenol intermediate 7a and furoxan 2, we decided to look for greener conditions than those previously used. Therefore, the reaction was carried out using 2-MeTHF as a greener solvent (biorenewable) [29] and NaOH as an environmentally friendly base [30].



Once we optimized the synthesis of the lead compound Ugi-Fx (8a), we varied the different components of the reaction to obtain new derivatives and expand the chemical space studied. We changed the relative position of the furoxan group on the aromatic ring (Figure 2, 8b and 8c), the amine and aldehyde from aromatic to aliphatic (Figure 2, 8d–f), and we also changed the furoxan group from the carboxylic acid component to the aldehyde component (Figure 2, 8g) using the reaction conditions of route B. For both reaction steps, we obtained moderate to very good yields.




2.1.2. GBB Reaction


To broaden the chemical diversity even further, we decided to synthesize hybrid compounds incorporating the furoxan group into structures derived from the GBB MCR. First, we studied the optimal synthesis pathway for the desired compounds, considering the synthetic methodologies used to obtain Ugi-Fx (8a, Scheme 1). The synthetic procedure for the GBB target compounds was initially studied for the product 12a. We explored a route analogous to the one optimized for Ugi-Fx (8a), (route A, Scheme 2), with the multicomponent reaction as a first step and subsequent coupling with the furoxan system. The GBB reaction was performed using 3-hydroxybenzaldehyde (6c) as the aldehyde component, tert-butyl isocyanide, and 2-aminopyridine under greener conditions. Catalytic amounts of TFA (20 mol%) in EtOH and mild temperature conditions were used in the Monowave 50 reactor to obtain GBB product 10 with a good yield. When this reaction was carried out by heating at 120°C for 20 min, a slightly improved yield was observed. Phenol 10 was then coupled to 3,4-bis(phenylsulfonyl)furoxan (2) in a subsequent step using NaOH and 2-MeTHF to give the desired compound 12a in low yield. Based on this result, we decided to explore derivative 12a synthesis using another route (route B, Scheme 2) by reversing the steps of route A (Scheme 2). Aldehyde intermediate 11a was obtained in 28% yield under greener conditions (NaOH and 2-MeTHF, 24 h). Due to this low yield, the reaction was also assayed according to the procedure described in the literature [8], obtaining 11a in 60% yield. In the second step, the GBB reaction was carried out under the same conditions described in route A. When the reaction was heated at 60 °C for 2 h, product 12a was obtained in a 54% yield after precipitating in the crude reaction mixture. On the other hand, when the reaction was performed at higher temperatures (120 °C) and shorter times (20 min) a higher yield was obtained for the desired GBB derivative 12a (75%). In this case, 12a did not precipitate in the crude reaction mixture, and column chromatography purification was needed.



It is well-known that the GBB reaction could follow two possible pathways leading to two regioisomers, but the amidine building blocks used in the present work usually tend to form only one regioisomer [15]. The presence of the most common regioisomer in GBB derivatives 10 and 12a was evidenced by the 2D-NOESY-NMR (see Supporting Information).



Analyzing the results in both synthetic pathways, route B was chosen for the synthesis of the GBB-furoxan derivatives 12b–12e (Scheme 3). Classical conditions were selected for the intermediate aldehyde synthesis. Mild temperatures were chosen for the GBB reaction, considering the greener purification procedure. Under these reaction conditions, route B gave a higher global yield, 32% versus 14–16% for route A.



Scheme 3 shows the results obtained in the GBB reaction for each aldehyde-furoxan and 2-aminoazine employed. To synthesize aldehydes 11b and 11c, as for 11a, classical conditions and greener conditions were tested, obtaining higher yield using classical ones (16 % vs. 5%, 18% vs. 2%) [31]. As can be observed for the aldehydes substituted in the ortho and para positions, coupling with furoxan derivative 2 gave lower yields (16 and 18%, respectively, Scheme 3). The meta-substituted compound (12a) gave the best global yield, followed by the para-substituted (12c), and, finally, the ortho-substituted (12b) (32, 12 and 6% correspondingly).



To widen the scope of the GBB reaction, we explored other amidines, maintaining the isocyanide and aldehyde 11a, which showed the best performance. For this purpose, 2-aminopirazine and 2-aminothiazole were used to obtain the corresponding products 12d and 12e in 47 and 25% yields, respectively (Scheme 3). It is noteworthy that this is the first time that a GBB reaction is described using furoxan derivatives.





2.2. Biology


2.2.1. Antiproliferative Activity


In vitro antiproliferative activity of the compounds was determined in cells derived from bladder cancer (T24) and prostate cancer (LNCaP). The cells were incubated in the presence of the compounds for 48 h. The antiproliferative activity was determined using the sulforhodamine B assay [32]. The results were expressed as GI50, which is the drug concentration resulting in a 50% reduction of cellular net growth when compared with the values of untreated control cells. The standard anticancer drug cisplatin was used as a positive control, and furoxan 3 and 11a were also included as ⋅NO donor reference compounds. The results are summarized in Table 2 for the Ugi product 7a, Ugi-Fx (8a) and 8b–g Ugi-furoxan derivatives, and GBB product 10 and 12a–e GBB-furoxan derivatives.



The results show that every compound containing the coupled furoxan moiety exhibited better antiproliferative activity than the cisplatin and furoxan reference compounds (3 and 11a) in the T24 bladder cancer cell line (Table 2). Compounds Ugi-Fx (8a), 12b and 12e stand out, with GI50 values in the sub-micromolar range. On the other hand, most compounds in the prostate cancer cell line LNCaP were less active, except for compounds 12b and 12d, which displayed GI50 values two times lower than the drug reference cisplatin and three to four times lower than furoxan 3 and 11a. When analyzing the antiproliferative activity of Ugi derivatives 8a–8g on the bladder cancer cell line, we can conclude that the different structural changes introduced did not improve the activity of the leader Ugi-Fx (8a). On the same cancer cell line (T24), the GBB derivatives 12a–e also did not overcome the leader’s activity Ugi-Fx (8a), although compounds 12b and 12e displayed a similar GI50. The structure–activity relationship (SAR) study revealed that modifications in Ugi products were not a critical factor for modulating the activity, although there are some points to be considered. The change in the relative position of the furoxan group on the acid component (8b and 8c derivatives, Figure 2) produces a two- to three-fold decrease relative to the parent compound Ugi-Fx (8a) on the antiproliferative activity in the T24 cell line (Table 2). However, the same order activity was observed for all three compounds on the LNCaP cell line. The substitution of the aryl group of Ugi-Fx (8a) by hydrogen in the aldehyde component (derivatives 8d and 8f) and/or by an alkyl group in the amine component (derivatives 8e and 8f) produced a decrease in activity, mainly in the bladder cancer line (Table 2). A similar response was observed when the furoxan group was introduced into the Ugi structure via the aldehyde component (8g). In the GBB group of compounds, the presence of a furoxan group in the ortho position of the substituent (12b) improved antiproliferative activity in both tumor cell lines (derivatives 12a–c, Table 2). In fact, 12b, an imidazo[1,2-a]pyridine derivative, was approximately three to four times more active than the anticancer drug cisplatin. The GBB compounds 12d and 12e, which incorporate an imidazo[1,2-a]pyrazine and imidazo[2,1-b]thiazole system, showed similar GI50 values when compared to 12b for the LNCaP and T24 tumor cell line, respectively. It is worth mentioning that compounds 7a and 10, derived from the reaction of Ugi and GBB, respectively, which do not contain the coupled furoxan moiety, were inactive (GI50 > 100 µM) on both cell lines studied.




2.2.2. Selectivity Index


As a first approximation of the safety profile of the synthesized compounds and to determine the cytotoxic selectivity against cancer cells, the antiproliferative activity in non-cancer cells was studied. This evaluation was carried out in human keratinocyte HaCaT cells with 0.4–100 µM of the test compounds using the sulforhodamine B assay. The selectivity index (SI) was calculated for these compounds by dividing the GI50 for HaCaT by the GI50 for each cancer cell line. The results presented in Table 3 show that all compounds were selective toward T24 cancerous cell, showing better selectivity than the reference compound cisplatin. The derivatives Ugi-Fx (8a) and 12e stand out, with selectivity indices of 14.5 and 10.8, respectively. These compounds exhibited much better selectivity than the furoxan derivative 2 and the furoxan reference compounds 3 and 11a, confirming that the conjunction with a structure derived from MCRs improves the activity as well as the toxicity. Concerning the LNCaP prostate cancer cell line, as for the reference drug, no selectivity was observed. Despite these results being obtained in an unspecific mammalian cytotoxicity model, it is interesting to note that imidazo[1,2-a]pyrazine 12d presented an SI value 10 times higher than the reference drug cisplatin (SI 1.2 vs. 0.1). Therefore, this new GBB-furoxan derivative can be a starting point in the design of new structures with improved selectivity.




2.2.3. Assessment of ·NO Release


The compounds developed in this work contain the furoxan moiety as an antitumor pharmacophore since it is well known that it is capable of releasing high amounts of ·NO through a thiol-dependent mechanism [34]. In this context, the ·NO production capacity of these derivatives was determined in physiological solution and in T24 and LNCaP supernatants using the Griess assay. The results are presented as nitrite production in Table S1 and Figure 3. The furoxan precursors 2, 3, and 11a were included for comparison, and the Ugi derivative 7a and GBB product 10 were included as negative controls.



The ability to release ·NO in physiological solution was determined by the Griess reaction after incubation for 1 h and 3 h at 37 °C in a pH 7.4 buffered water-methanol mixture in the presence of L-cysteine (5-fold molar excess). The results depicted in Table S1 show that all new furoxans were able to induce nitrite formation at levels ranging from 13.50% to 38.45%. Although the furoxan ring is present in all compounds substituted at position 3 by a phenylsulfonyl group, some differences were observed. In general, Ugi derivatives produced higher NO levels than GBB derivatives, except for 12b, which exhibited comparable NO-releasing activity.



The ·NO production was also measured in T24 cell supernatants (Figure 3A) and LNCaP supernatants (Figure 3B) exposed to 100 µM of each compound for 3 h, which was defined as the optimal time point to measure this species by furoxan-derived compounds according to our previous studies [33,35]. Almost every compound was capable of releasing several levels more ·NO than the control cell medium, both in the bladder cancer cells and in the prostate cancer cells. An analysis of the data of both assessments also showed that the NO-releasing capacity of the products in cell milieu differs from that in physiological conditions, suggesting that they present different physicochemical properties and reactivity towards thiols in the cellular environment (Table S1 and Figure 3).



In this context, we next decided to study the effect of ·NO on their antiproliferative activity against T24 cells after incubation with an ·NO scavenger (Hb, hemoglobin) [36]. For this purpose, T24 cells were pretreated for 1 h with 0 or 50 µM of Hb and then the ·NO-donor compounds were added at 10 µM for 48 h. As seen in Figure 4, the compounds markedly inhibited the growth of T24 cells in the absence of Hb, but this antiproliferative effect was decreased by pretreatment with Hb. These results indicate that the release of nitric oxide is involved in the antiproliferative activity against cancer cells. However, while for some compounds, such as 8d, ·NO release seems to be crucial for the antiproliferative activity, for others, such as Ugi-Fx (8a), other mechanisms would account for its anticancer effect. It is well-known that the action of 3-phenylsulfonylfuroxan derivatives is connected to ⋅NO release due to their interaction with free intracellular thiols or thiol groups of proteins. However, this action may also involve a covalent bond to thiol biomolecules with the concomitant displacement of the phenylsulfonyl group, leading to a cytotoxic adduct accumulation in the cell milieu [37,38,39,40]. This fact should explain that some compounds described herein present a significant antiproliferative activity but a low NO release (i.e., 12b and 12e) or high antiproliferative activity even in the presence of a ⋅NO scavenger (Ugi-Fx 8a). Further studies to elucidate the possible mechanisms of action involved will be performed.






3. Materials and Methods


3.1. Chemistry


3.1.1. General Experimental Information


The mass spectra (MS) were recorded on a Shimadzu GC–MS QP 1100 EX instrument using the electron impact mode (70 eV). A Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer was employed for high-resolution mass analysis using MeOH as a solvent. The NMR spectra were obtained in different deuterated solvents on a Bruker Avance DPX-400 instrument. The proton chemical shifts (δ) are reported in ppm downfield from TMS as an internal reference, and the carbon chemical shifts are reported in ppm relative to the center line of the corresponding solvent. Analytical TLC was performed on silica gel 60F-254 plates and was visualized with UV light (254 nm) and/or vanillin in an acidic ethanolic solution. Flash column chromatography was performed using silica gel (Kieselgel 60, EM reagent, 230–400 mesh). The chemicals and reagents were purchased from Sigma-Aldrich and were used as received. All GBB and Ugi reactions were carried out in a commercial Anton Paar Monowave 50 reactor using 10 mL borosilicate glass vials with silicone caps. The temperature was monitored by an external contact sensor placed at the cavity bottom and measuring the surface temperature of the reaction vessel.




3.1.2. Experimental Procedures and Characterization Data for the Compounds


General procedure for Ugi products (7a–7g). Method A (aromatic amine). A glass tube was charged sequentially with aldehyde (1.0 mmol), amine (1.0 mmol), acid (1.0 mmol), isocyanide (1.0 mmol), and 1.5 mL EtOH. The sealed test tube was heated for 30 min at 60 °C using Monowave 50 reactor. The vial was allowed to cool, and the EtOH was evaporated under reduced pressure. The residue was purified by flash column chromatography (SiO2 and Hexane/EtOAc). Method B (aliphatic amine). A glass tube was charged with aldehyde (1.0 mmol), amine (1.0 mmol), and 1.0 mL EtOH and the reaction mixture was magnetically stirred for 3 h at room temperature. Subsequently, the acid (1.0 mmol), the isocyanide (1.0 mmol), and 0.5 mL EtOH were added. The sealed test tube was heated for 30 min at 60 °C using Monowave 50 reactor. The vial was allowed to cool, and the EtOH was evaporated under reduced pressure. The residue was purified by flash column chromatography (SiO2 and Hexane/EtOAc).



N-(1-(tert-butylaminocarbonyl)-1-phenylmethyl)-N-(4-methylphenyl)-3-hydroxyphenyl carboxamide (7a). This compound was obtained by method A. The crude product was purified by flash column chromatography (hexane/ EtOAc, 8/2) to render the desired product as a white solid, m.p. (98–100) °C, yield 96%. 1H-NMR (400 MHz, CDCl3) δ 7.31–7.25 (m, 5H); 7.18 (s, 1H); 7.07–7.06 (m, 1H); 6.96–6.88 (m, 3H); 6.81–6.79 (m, 2H); 6.74–6.69 (m, 2H); 5.97 (s, 1H); 5.87 (s, 1H); 2.16 (s, 3H); and 1.35 (s, 9H). 13C-NMR (101 MHz, CDCl3) δ 171.4; 168.8; 156.0; 138.6; 137.2; 136.9; 134.9; 130.0; 129.6; 129.0; 128.8; 128.5; 128.4; 120.2; 117.0; 115.8; 67.8; 51.7; 28.6; and 21.0. MS (IE, 70 eV) m/z (%): 344 (M+-NH t-butyl, 0.5); 316 (18); 195 (6); 121 (100); 106 (3); 91 (10); 77 (1); and 57 (4). HRMS (ESI+): m/z calculated for C26H28N2O3Na 439.1998 [M+Na]+, found 439.1999.



N-(1-(tert-butylaminocarbonyl)-1-phenylmethyl)-N-(4-methylphenyl)-2-hydroxyphenyl carboxamide (7b). This compound was obtained by method A. The crude product was purified by flash column chromatography (hexane/EtOAc, 8/2) to render the desired product as a white solid, m.p. (179–181) °C, yield 89%. 1H-NMR (400 MHz, CDCl3) δ 7.28 (s, 5H), 7.15–7.11 (m, 1H), 6.96–6.84 (m, 6H), 6.49–6.45 (m, 1H), 6.06 (s, 1H), 5.72 (s, 1H), 2.22 (s, 3H), and 1.39 (s, 9H). 13C-NMR (101 MHz, CDCl3) δ 171.4, 168.8, 158.5, 138.6, 137.4, 134.5, 132.2, 130.1, 129.6, 129.4, 129.0, 128.6, 128.5, 118.1, 117.4, 68.2, 52.0, 28.6, and 21.0. MS (IE, 70 eV) m/z(%): 416 (0.8); 317 (15); 296 (13); 196 (100); 121 (23); 93 (6); and 91(16). HRMS (FAB): m/z [M+Na]+ calculated for C26H28N2O3Na: 439.1998, found: 439.1996.



N-(1-(tert-butylaminocarbonyl)-1-phenylmethyl)-N-(4-methylphenyl)-4-hydroxyphenyl carboxamide (7c). This compound was obtained by method A. The crude product was purified by flash column chromatography (hexane/ EtOAc, 7/3) to render the desired product as a white solid, m.p. (99–101) °C, yield 47%. 1H-NMR (400 MHz, CDCl3) δ 7.53 (s, 1H), 7.32–7.25 (m, 5H), 7.15 (d, J = 8.7 Hz, 2H), 6.87–6.82 (m, 4H), 6.57 (d, J = 8.7 Hz, 2H), 5.90 (bs, 2H), 2.19 (s, 3H), and 1.35 (s, 9H). 13C-NMR (101 MHz, CDCl3) δ 171.1, 169.1, 158.0, 139.6, 136.7, 135.1, 131.2, 129.8, 129.3, 129.2, 128.5, 128.3, 127.0, 114.7, 68.7, 51.7, 28.6, and 21.0. MS (IE, 70 eV) m/z(%): 417(0.2); 317(29); 295(0.5); 196 (100); 121 (48); and 91 (13). HRMS (ESI+): m/z calculated for C26H28N2O3: 416.2100 [M]+, found: 417.2185.



N-(1-(tert-butylaminocarbonyl)methyl)-N-(4-methylphenyl)-3(hydroxy)phenylcarbox amide (7d). This compound was obtained by method A. The crude product was purified by flash column chromatography (hexane/EtOAc, 1/1) to render the desired product as a white solid, m.p. (196–198) °C, yield 38%. 1H-NMR (400 MHz, acetone-d6) δ 8.42 (s, 1H), 7.12–7.10 (m, 2H), 7.06–7.00 (m, 3H), 6.90–6.89 (m, 1H), 6.80–6.73 (m, 2H), 4.38 (s, 2H), 2.25 (s, 3H), and 1.34 (s, 9H). 13C-NMR (101 MHz, acetone-d6) δ 170.0, 167.5, 156.7, 142.0, 137.9, 136.0, 129.3, 128.6, 127.2, 119.7, 116.3, 115.6, 54.0, 50.5, 28.1, and 20.0. MS (IE, 70 eV) m/z(%): 340 (4); 268 (1); 240 (18); 202 (11); 146 (53): 121 (100); 93 (18); and 91 (6). HRMS (ESI+): m/z calculated for C20H24N2O3: 340.1787 [M]+, found: 341.1864.



N-(1-(tert-butylaminocarbonyl)-1-phenylmethyl)-N-(butyl)-3-hydroxyphenylcarbox amide (7e). This compound was obtained by method B. The crude product was purified by flash column chromatography (hexane/ EtOAc, 7/3) to render the desired product as a white solid, m.p. (179–181) °C, yield 77%. 1H-NMR (400 MHz, acetone-d6) δ 8.63 (s, 1H), 7.41–7.35 (m, 5H), 7.30–2.26 (m, 1H), 6.92–6.88 (m, 3H), 5.51 (bs, 1H), 3.51–3.27 (m, 2H), 1.46–1.31 (m, 1H), 1.37 (s, 9H), 1.03–0.82 (m, 3H), and 0.63–0.53 (m, 3H). 13C-NMR (101 MHz, acetone-d6) δ 171.4, 169.0, 157.4, 139.1, 137.1, 129.6, 129.2, 128.4, 127.9, 117.4, 116.0, 113.4, 71.0, 50.8, 45.0, 30.4, 27.9, 19.9, and 12.9. MS (IE, 70 eV) m/z(%): 382 (0.2); 310 (0.5); 282 (33); 261 (0.6); 121 (100); 93 (13); and 91 (5). HRMS (ESI+): m/z calculated for C23H30N2O3: 382.2256 [M]+, found: 383.2341.



N-(1-(tert-butylaminocarbonyl)methyl)-N-(butyl)-3-(hydroxy)phenylcarboxamide (7f). This compound was obtained by method B. The crude product was purified by flash column chromatography (hexane/EtOAc, 1/1) to render the desired product as a white solid, m.p. (131–133) °C, yield 84%. Due to the tautomeric equilibrium, the signals of the compound in the 1H-NMR are duplicated at room temperature (298 K). When heating to 348 K, the phenomenon of coalescence is observed, and there is a signal corresponding to each proton (see Supporting Information). 1H-NMR (400 MHz, DMSO-d6) δ 9.65 (s, 1H), 9.57 (s, 1H), 7.52 (s, 1H), 7.46 (s, 1H), 7.25–7.21 (m, 1H), 7.18–7.14 (m, 1H), 6.81–6.77 (m, 2H), 6.73–6.71 (m, 2H), 3.95 (s, 2H), 3.70 (s, 2H), 3.35–3.31 (m, 2H), 3.16–3.12 (m, 2H), 1.55–1.49 (m, 2H), 1.45–1.38 (m, 2H), 1.34–1.30 (m, 2H), 1.28 (s, 9H), 1.22 (s, 9H), 1.11–1.06 (m, 2H), 0.91 (t, J = 7.3 Hz, 3H), and 0.73 (t, J = 7.3 Hz, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 171.3, 171.2, 167.9, 167.7, 138.7, 138.4, 129.9, 129.7, 117.2, 116.4, 111.0, 113.9, 113.6, 52.0, 50.7, 50.6, 49.6, 47.7, 45.9, 30.2, 29.2, 29.0, 28.9, 20.1, 19.6, 14.3, and 13.9. MS (IE, 70 eV) m/z(%): 306 (5); 249 (0.5); 233 (2); 206( 14); 192 (8); 121 (100); and 93 (15). HRMS (ESI+): m/z calculated for C17H26N2O3: 306.1943 [M]+, found: 307.2006.



N-(1-(tert-butylaminocarbonyl)-1-3-hydroxyphenylmethyl)-N-(4-methylphenyl)-phenylcarboxamide (7g). This compound was obtained by method A. The crude product was purified by flash column chromatography (hexane/ EtOAc, 8/2) to render the desired product as a white solid, m.p. (207–209) °C, yield 83%. 1H-NMR (400 MHz, CDCl3) δ 7.23 (d, J = 7.4 Hz, 2H), 7.20–7.16 (m, 1H), 7.11–7.05 (m, 4H), 6.89 (d, J = 7.6 Hz, 2H), 6.83–6.79 (m, 3H), 6.69 (d, J = 7.7 Hz, 1H), 6.18 (s, 1H), 6.02 (s, 1H), 2.16 (s, 3H), and 1.33 (s, 9H). 13C-NMR (101 MHz, CDCl3) δ 171.1, 169.0, 156.8, 138.7, 136.9, 136.3, 136.0, 129.8, 129.5, 129.4, 129.0, 128.5, 127.6, 121.4, 117.4, 115.8, 67.6, 51.7, 28.6, and 21.0. MS (IE, 70 eV) m/z(%): 417 (0.1); 317 (28); 212 (18); 105 (100); 91 (4); and 77 (16). HRMS (ESI+): m/z calculated for C26H28N2O3: 416.2100 [M]+, found: 417.2162



General procedure for the coupling of Ugi products and the furoxan derivative (8a–8g). The corresponding Ugi product (7a–7g) (0.2 mmol), the furoxan derivative 2 (0.2 mmol), and 1 mL of 2-MeTHF were placed in a round-bottom flask. Aqueous NaOH solution was added in four parts, every hour. Each time 20 µL was added, containing 0.3 eq of NaOH. The reaction mixture was then left stirring at room temperature for a total of 24 h. Subsequently, the reaction mixture was diluted with saturated NaHCO3 solution and extracted with EtOAc. The combined organic layers were dried with Na2SO4, filtered, and the solvent evaporated under reduced pressure. The residue was purified by flash column chromatography (SiO2 and hexane/EtOAc).



N-[1-(tert-butylaminocarbonyl)-1-phenylmethyl]-N-(4-methylphenyl)-3-[3-(phenylsulfonyl)-[1,2,5]oxadiazol-4-yl N2-oxide]oxyphenylcarboxamide (Ugi-Fx (8a)). This compound was obtained by the general procedure. The crude product was purified by flash column chromatography (hexane/ EtOAc, 7/3) to render the desired product as a white solid, m.p. (170–171) °C, yield 49%. 1H-NMR (400 MHz, CDCl3) δ 8.06–8.04 (m, 2H), 7.82–7.78 (m, 1H), 7.68–7.64 (m, 2H), 7.29–7.13 (m, 9H), 6.88–6.79 (m, 3H), 6.06 (s, 1H), 5.67 (s, 1H), 2.14 (s, 3H), and 1.38 (s, 9H). 13C-NMR (101 MHz, CDCl3) δ 169.3, 168.4, 157.9, 151.8, 138.3, 138.0, 137.9, 137.3, 135.9, 134.8, 130.2, 129.9, 129.8, 129.3, 129.2, 128.6, 128.5, 128.4, 126.9, 120.7, 120.2, 110.6, 67.2, 51.7, 28.7, and 21.0. MS (IE, 70 eV) m/z(%): 568 (M+-NH-t-butyl, 0.1); 540 (40); 345 (71); 316 (33); 196 (54); 121 (100); 91 (39); 77 (22); and 57 (14). HRMS (ESI+): calculated for. C34H32N4O7SNa: 663.1889, found: 663.1891.



N-[1-(tert-butylaminocarbonyl)-1-phenylmethyl]-N-(4-methylphenyl)-2-[3-(phenylsulfonyl)-[1,2,5]oxadiazol-4-yl N2-oxide]oxyphenylcarboxamide (8b). This compound was obtained by the general procedure. The crude product was purified by flash column chromatography (hexane/ EtOAc, 8/2) to render the desired product as a white solid, m.p. (100–102) °C, yield 70%. 1H-NMR (400 MHz, CDCl3) δ 8.28 (d, J = 7.5 Hz, 2H), 7.81 (t, J = 7.5 Hz, 1H), 7.69 (t, J = 7.8 Hz, 2H), 7.35–7.24 (m, 5H), 7.20–7.19 (m, 3H), 7.13–7.08 (m, 3H), 6.79 (d, J = 8.2 Hz, 2H), 6.16 (s, 1H), 5.59 (s, 1H), 2.13 (s, 3H), and 1.37 (s, 9H). 13C-NMR (101 MHz, CDCl3) δ 168.4, 167.1, 158.5, 148.3, 137.9, 137.3, 137.1, 135.6, 134.4, 130.4, 130.0, 129.9, 129.8, 129.7, 129.6, 129.0, 128.9, 128.4, 128.2, 126.3, 120.5, 110.9, 66.2, 51.7, 28.7, and 21.0. MS (IE, 70 eV) m/z(%): 568 (M+-NHtbutyl, 0.6); 540 (12); 345 (62); 316 (2); 196(100); 141 (46); 91 (35); 77 (51); and 57 (15). HRMS (ESI+): m/z calculated for C34H32N4O7SNa: 663.1889 [M+Na]+, found 663.1913.



N-[1-(tert-butylaminocarbonyl)-1-phenylmethyl]-N-(4-methylphenyl)-4-[3-(phenylsulfonyl)-[1,2,5]oxadiazol-4-yl N2-oxide]oxyphenylcarboxamide (8c). This compound was obtained by the general procedure. The crude product was purified by flash column chromatography (hexane/EtOAc, 7/3) to render the desired product as a white solid, m.p. (83–85) °C, yield 32%. 1H-NMR (400 MHz, CDCl3) δ 8.04 (dd, J = 8.5, 1.2 Hz, 2H), 7.79 (t, J = 7.5 Hz, 1H), 7.64 (t, J = 7.9 Hz, 2H), 7.42 (d, J = 8.9 Hz, 2H), 7.28–7.26 (m, 5H), 7.10 (d, J = 8.9 Hz, 2H), 6.91–6.82 (m, 4H), 6.08 (s, 1H), 5.69 (s, 1H), 2.20 (s, 3H), and 1.39 (s, 9H). 13C-NMR (101 MHz, CDCl3) δ 169.7, 168.5, 157.6, 153.0, 138.4, 137.8, 137.3, 135.8, 134.9, 134.7, 130.6, 130.1, 129.9, 129.8, 129.2, 129.1, 129.0, 128.6, 128.5, 128.4, 118.8, 110.7, 67.3, 51.7, 28.7, and 21.0. MS (IE, 70 eV) m/z(%): 568 (M+-NH-t-butyl, 0.8); 540 (25); 345 (92); 316 (13); 196 (100); 104 (18); 91(39); 77 (36); and 57 (16). HRMS (ESI+): m/z calculated for C34H32N4O7SNa: 663.1889 [M+Na]+, found 663.1913.



N-(1-(tert-butylaminocarbonyl)methyl)-N-(4-methylphenyl)-3-[3-(phenylsulfonyl)-[1,2,5]oxadiazol-4-yl N2-oxide]oxy phenylcarboxamide (8d). This compound was obtained by the general procedure. The crude product was purified by flash column chromatography (hexane/ EtOAc, 6/4) to render the desired product as a white solid, m.p. (65–67) °C, yield 61%. 1H-NMR (400 MHz, acetone-d6) δ 8.08 (dd, J = 8.5, 1.2 Hz, 2H), 7.94 (t, J = 8.1 Hz, 1H), 7.79 (t, J = 7.9 Hz, 2H), 7.39–7.30 (m, 4H), 7.13 (d, J = 8.3 Hz, 2H), 7.05 (d, J = 8.2 Hz, 2H), 6.90 (bs, 1H), 4.41 (s, 2H), 2.24 (s, 3H), and 1.35 (s, 9H). 13C-NMR (101 MHz, acetone-d6) δ 168.4, 167.1, 158.5, 152.5, 141.6, 138.7, 138.9, 136.5, 136.0, 129.9, 129.5, 129.4, 128.7, 127.4, 126.6, 120.6, 120.1, 111.2, 53.8, 50.6, 28.1, and 20.0. MS (IE, 70 eV) m/z(%): 564 (2); 492 (0.7); 345 (20); 240 (100); 146 (100); 91 (5); 77 (10); and 57 (11). HRMS (ESI+): m/z calculated for. C28H28N4O7S: 564.1679 [M]+, found: 565.1749.



N-(1-(tert-butylaminocarbonyl)-1-phenylmethyl)-N-(butyl)-3-[3-(phenylsulfonyl)-[1,2,5]oxadiazol-4-yl N2-oxide]oxyphenylcarboxamide (8e). This compound was obtained by the general procedure. The crude product was purified by flash column chromatography (hexane/ EtOAc, 6/4) to render the desired product as an amorphous white solid, yield 42%. 1H-NMR (400 MHz, DMSO-d6) δ 8.08 (dd, J = 8.4; 1.1 Hz, 2H), 7.94 (t, J = 7.5 Hz, 1H), 7.79 (t, J = 7.9 Hz, 2H), 7.62–7.58 (m, 3H), 7.43–7.30 (m, 6H), 6.06 (bs, 1H), 5.27 (bs, 1H), 3.20–3.07 (m, 2H), 1.25 (s, 9H), 1.06–0.9 (m, 1H), and 0.67–0.36 (m, 6H). 13C-NMR (101 MHz, DMSO-d6) δ 176.3, 169.0, 164.9, 153.1, 139.5, 137.4, 136.7, 131.1, 130.5, 130.3, 129.6, 129.1, 128.9, 128.5, 124.7, 121.1, 118.2, 111.8, 65.3, 60.2, 45.3, 31.5, 28.7, 19.7, and 13.6. MS (IE, 70 eV) m/z(%): 606 (0.1); 490 (29); 345 (42); 282 (44); 261 (13); 121 (100); 77 (28); and 57 (19). HRMS (ESI+): m/z calculated for. C31H34N4O7: 606.2148 [M]+, found: 607.2239.



N-(1-(tert-butylaminocarbonyl)methyl)-N-(butyl)-3-[3-(phenylsulfonyl)-[1,2,5]oxadiazol-4-yl N2-oxide]oxyphenylcarboxamide (8f). This compound was obtained by the general procedure. The crude product was purified by flash column chromatography (hexane/ EtOAc, 6/4) to render the desired product as an amorphous white solid, yield 37%. Due to the tautomeric equilibrium, the signals of the compound in the 1H-NMR are duplicated at room temperature (298 K). When heating to 348 K, the phenomenon of coalescence is observed, and there is a signal corresponding to each proton. 1H-NMR (400 MHz, DMSO-d6) δ 8.08–8.04 (m, 4H), 7.95–7.91 (m, 2H), 7.80–7.76 (m, 4H), 7.59–7.46 (m, 6H), 7.35–7.33 (m, 2H), 3.99 (s, 2H), 3.72 (s, 2H), 3.37–3.34 (m 2H), 3.15–3.12 (m, 2H), 1.57–1.49 (m, 2H), 1.45–1.40 (m, 2H), 1.28 (s, 9H), 1.19 (s, 9H), 1.10–1.03 (m, 2H), 0.92 (t, J = 7.3 Hz, 3H), and 0.71 (t, J = 7.3 Hz, 3H). 13C-NMR (101 MHz, DMSO-d6) δ 169.9, 169.8, 167.7, 167.4, 159.0, 158.9, 152.7, 152.6, 139.2, 139.0, 137.4, 136.7, 130.9, 130.7, 130.5, 129.1, 129.0, 128.7, 125.3, 125.1, 121.0, 118.5, 112.2, 111.7, 52.1, 50.7, 50.6, 49.9, 47.9, 46.3, 30.2, 29.2, 29.0, 28.7, 20.1, 19.6, 14.3, and 13.8. MS (IE, 70 eV) m/z(%): 530 (5); 458 (4); 416 (29); 345 (100); 290 (17); 185 (70); 114 (16); 77 (45); and 57 (46). HRMS (ESI+): m/z calculated for. C25H30N4O7S: 530.1835 [M]+, found: 531.1925.



N-(1-(tert-butylaminocarbonyl)-1-3-[3-(phenylsulfonyl)-[1,2,5]oxadiazol-4-yl N2-oxide]oxy phenylmethyl)-N-(4-methylphenyl)-phenylcarboxamide (8g). This compound was obtained by the general procedure. The crude product was purified by flash column chromatography (hexane/ EtOAc, 7/3) to render the desired product as a white solid, m.p. (69–71) °C, yield 58%. 1H-NMR (400 MHz, CDCl3) δ 8.15–8.09 (m, 3H), 7.83–7.77 (m, 1H), 7.69–7.62 (m, 2H), 7.52–7.48 (m, 2H), 7.37–7.32 (m, 4H), 7.25–7.14 (m, 4H), 6.88–6.84 (m, 2H), 6.11 (s, 1H), 6.09 (s, 1H), 2.17 (s, 3H), and 1.40 (s, 9H). 13C-NMR (101 MHz, CDCl3) δ 171.4, 168.0, 158.3, 152.4, 138.3, 137.8, 137.6, 137.3, 135.9, 135.7, 133.7, 130.2, 129.9, 129.8, 129.7, 129.6, 129.4, 128.7, 128.6, 128.5, 127.7, 121.8, 119.7, 66.5, 51.9, 28.7, and 20.9. MS (IE, 70 eV) m/z(%): 568 (M+-NHtbutyl, 0.1); 540 (4); 294 (0.2); 105 (100); 91 (2); 77 (14); and 57 (3). HRMS (FAB): m/z [M+Na]+ calculated for C34H32N4O7SNa: 663.1889, found: 663.1893.



General Experimental Procedure for GBB-3C Reaction (10, 12a–e). Monowave-50-Assisted Synthesis. A glass tube was charged sequentially with EtOH (2.0 mL/mmol), 5-HMF (1.0 equiv), amidine (1.0 equiv), isocyanide (1.1 equiv), and TFA (20 mol%). The test tube was then sealed with a Teflon septum and heated for 2 h at 60 °C (Method A) or 20 min at 120 °C (Method B). Different purification procedures were carried out for each corresponding GBB derivative.



N-tert-Butyl-2-(3-hydroxyphenyl)imidazo[1,2-a]pyridin-3-amine (10). This compound was obtained by method A or B. The corresponding product precipitated in the crude reaction mixture after 24 h in the refrigerator. The solid was filtered, washed with cold ethanol, and dried to render the desired product as a white crystalline solid, m.p. (236–238) °C, yield 62% (method A) and 70% (method B). 1H-NMR (400 MHz, MeOD) δ 8.38 (dt, J = 6.9, 1.2 Hz, 1H), 7.48–7.32 (m, 3H), 7.26–7.20 (m, 2H), 6.90 (td, J = 6.8, 1.0 Hz, 1H), 6.77 (ddd, J = 8.1, 2.5, 0.9 Hz, 1H), and 1.00 (s, 9H). 13C-NMR (101 MHz, MeOD) δ 157.1, 141.7, 138.7, 136.1, 128.9, 124.8, 124.2, 123.9, 119.6, 115.6, 115.0, 114.2, 111.5, 55.6, and 29.2. MS (EI, 70 eV) m/z (%): 281(45), 224(78), 197(100), and 78(97). HRMS (ESI+): m/z calculated for C17H19N3O 281.1528 [M]+, found 282.1592 [M+1]+.



4-(3-(3-(tert-butylamino)imidazo[1,2-a]pyridin-2-yl)phenoxy)-3-(phenylsulfonyl)-1,2,5-oxadiazole 2-oxide (12a). This compound was obtained by method A. The corresponding product precipitated in the crude reaction mixture after 24 h in the refrigerator. The solid was filtered, washed with cold ethanol, and dried to render the desired product as a yellow solid, m.p. (77–79) °C, yield 54% (method A). When this compound was synthesized by method B 12a did not precipitate in the crude reaction mixture and was purified by flash column chromatography (hexane/ EtOAc, 8/2) to render the desired product in 75% yield. 1H-NMR (400 MHz, acetone-d6) δ 8.45 (d, J = 6.9 Hz, 1H), 8.29 (dd, J = 2.4, 1.5 Hz, 1H), 8.23 (dt, J = 8.0, 1.2 Hz, 1H), 8.17–8.09 (m, 2H), 7.91 (tt, J = 7.5, 1.2, Hz, 1H), 7.82–7.73 (m, 2H), 7.54 (t, J = 8.0 Hz, 1H), 7.48 (d, J = 9.0 Hz, 1H), 7.34 (ddd, J = 8.2, 2.6, 0.9 Hz, 1H), 7.23 (ddd, J = 9.0, 6.6, 1.2 Hz, 1H), 6.90 (td, J = 6.8, 1.0 Hz, 1H), 4.15 (s, NH), and 1.11 (s, 9H). 13C-NMR (101 MHz, acetone-d6) δ 159.9, 154.0, 142.6, 139.0, 138.9, 138.0, 136.9, 130.8, 130.5, 129.6, 126.9, 125.3, 125.1, 119.9, 119.3, 117.9, 112.3, 57.0, and 30.6. MS (EI, 70 eV) m/z (%): 505(7), 449(13), 281(17), 250(9), 224(40), 197(45), and 78(100). HRMS (ESI+): m/z calculated for C25H23N5O5S 505.1420 [M]+, found 506.1497 [M+1]+.



4-(2-(3-(tert-butylamino)imidazo[1,2-a]pyridin-2-yl)phenoxy)-3-(phenylsulfonyl)-1,2,5-oxadiazole 2-oxide (12b). This compound was obtained by method A. The crude reaction was concentrated under reduced pressure to eliminate ethanol, and the product was purified by flash column chromatography (hexane/ EtOAc, 8/2) to render a white solid, m.p. (139–141) °C, yield 32%. 1H-NMR (400 MHz, acetone-d6) δ 8.59 (d, J = 6.9 Hz, 1H), 8.09 (dd, J = 8.5, 1.2 Hz, 2H), 7.98–7.93 (m, 1H), 7.83–7.77 (m, 1H), 7.68–7.59 (m, 3H), 7.57–7.46 (m, 2H), 7.36–7.31 (m, 1H), 7.20 (ddd, J = 9.0, 6.6, 1.3 Hz, 1H), 6.96 (td, J = 6.8, 1.1 Hz, 1H), 4.16 (s, 1H), and 1.03 (s, 9H). 13C-NMR (101 MHz, acetone-d6) δ 160.2, 150.5, 138.6, 136.8, 133.4, 130.6, 129.9, 129.6, 128.0, 124.9, 122.4, 118.1, 112.3, 56.7, and 30.2. MS (EI, 70 eV) m/z (%): 505(0.9), 432(13), 281(14), 250(14), 224(44), 197(35), and 78(100). HRMS (ESI+): m/z calculated for C25H23N5O5S 505.1420 [M]+, found 506.1498 [M+1]+.



4-(4-(3-(tert-butylamino)imidazo[1,2-a]pyridin-2-yl)phenoxy)-3-(phenylsulfonyl)-1,2,5-oxadiazole 2-oxide (12c). This compound was obtained by method A. The corresponding product precipitated in the crude reaction mixture after 24 h in the refrigerator. The solid was filtered, washed with cold ethanol, and dried to render the desired product as a white solid, m.p. (160–161) °C, yield 64%. 1H-NMR (400 MHz, acetone-d6) δ 8.44 (d, J = 6.9 Hz, 1H), 8.39–8.34 (m, 2H), 8.19–8.09 (m, 2H), 7.96–7.90 (m, 1H), 7.83–7.74 (m, 2H), 7.53–7.42 (m, 3H), 7.21 (ddd, J = 9.0, 6.6, 1.2 Hz, 1H), 6.88 (td, J = 6.8, 1.0 Hz, 1H), 4.16 (s, NH), and 1.13 (s, 9H). 13C-NMR (101 MHz, acetone-d6) δ 159.7, 152.9, 142.7, 138.9, 138.7, 136.8, 135.4, 130.7, 130.3, 129.6, 124.9, 124.8, 120.1, 117.9, 112.2, 111.9, 56.9, and 30.7. MS (EI, 70 eV) m/z (%): 505(5), 448(9), 421 (8), 281(12), 250(9), 224(68), 197(69), and 78(100). HRMS (ESI+): m/z calculated for C25H23N5O5S 505.1420 [M]+, found 506.1492 [M+1]+.



4-(3-(3-(tert-butylamino)imidazo[1,2-a]pyrazin-2-yl)phenoxy)-3-(phenylsulfonyl)-1,2,5-oxadiazole 2-oxide (12d). This compound was obtained by method A. The crude reaction was concentrated under reduced pressure to eliminate ethanol, and the product was purified by flash column chromatography in CHCl3 as the mobile phase to render a white solid, m.p. (156–157) °C, yield 50%; 1H-NMR (400 MHz, acetone-d6) δ 8.89 (d, J = 1.4 Hz, 1H), 8.43 (dd, J = 4.7, 1.4 Hz, 1H), 8.34 (dd, J = 2.4, 1.5 Hz, 1H), 8.29–8.26 (m, 1H), 8.16 (dd, J = 8.5, 1.2 Hz, 2H), 7.95–7.90 (m, 1H), 7.87 (d, J = 4.6 Hz, 1H), 7.82–7.77 (m, 2H), 7.61 (t, J = 8.0 Hz, 1H), 7.42 (ddd, J = 8.2, 2.6, 0.9 Hz, 1H), 4.33 (s, 1H), and 1.14 (s, 9H). 13C-NMR (101 MHz, acetone-d6) δ 159.8, 154.1, 144.0, 140.6, 138.9, 138.2, 138.1, 136.9, 130.8, 130.7, 129.6, 127.0, 120.1, 119.8, 117.9, 112.1, 57.5, and 30.6. MS (EI, 70 eV) m/z (%): 506(18), 450(61), 434(24), 282(37), 241(34), 226(85), 198(39), 181(23), 79(98), 57(100), and 41(47). HRMS (ESI+): m/z calculated for C24H22N6O5S 506.1372 [M]+, found 507.1449 [M+1]+.



4-(3-(5-(tert-butylamino)imidazo[2,1-b]thiazol-6-yl)phenoxy)-3-(phenylsulfonyl)-1,2,5-oxadiazole 2-oxide (12e). This compound was obtained by method A. The crude reaction was concentrated under reduced pressure to eliminate ethanol, and the product was purified by flash column chromatography in CHCl3 as the mobile phase to render a white solid, m.p. (76–77) °C, yield 38%; 1H-NMR (400 MHz, acetone-d6) δ 8.25 (dd, J = 2.4, 1.5 Hz, 1H), 8.19 –8.16 (m, 1H), 8.13 (dt, J = 3.3, 1.4 Hz, 2H), 7.93–7.88 (m, 1H), 7.79–7.74 (m, 2H), 7.72 (d, J = 4.6 Hz, 1H), 7.47 (t, J = 8.0 Hz, 1H), 7.24 (ddd, J = 8.2, 2.6, 0.9 Hz, 1H), 7.09 (d, J = 4.6 Hz, 1H), 4.02 (s, NH), and 1.13 (s, 9H). 13C-NMR (101 MHz, acetone-d6) δ 159.8, 156.8, 153.9, 139.1, 139.0, 136.8, 130.8, 130.3, 129.6, 127.6, 125.7, 119.7, 118.7, 118.1, 112.6, 112.1, 56.5, and 30.4. MS (EI, 70 eV) m/z (%): 511 (9), 439(26), 411(21), 287(23), 228(54), 203(76), 141(25), 85(40), 77(100), and 57(49). HRMS (ESI+): m/z calculated for C23H21N5O5S2 511.0984 [M]+, found 512.1059 [M+1]+.





3.2. Biology


3.2.1. Materials


The cell culture supplies were from Gibco (Gaithersburg, MD, USA), Capricorn Scientific (Ebsdorfergrund, Germany), and Biological Industries (Beit Haemek, Israel). The SRB, DMSO, and cisplatin were from Sigma-Aldrich (St. Louis, MO, USA). The bladder cancer cells T24 (ATCC HBT-4) were purchased from the Cell Repository ABAC (Asociación Banco Argentino de Células). The prostate carcinoma cells LNCaP were purchased from ATCC (CRL-174). The immortalized human keratinocytes HaCaT (BCRJ batch number 001071) were kindly provided by Dr. Jimena Hochmann.




3.2.2. Cell Culture


The T24 cells were grown in McCoy’s 5A (Biological Industries) supplemented with 10% FBS (Capricorn Scientific). The cells were passaged twice per week, and the culture medium was changed with the same frequency. The LNCaP cells were maintained in RPMI media (Biological Industries) supplemented with 10% FBS (Capricorn Scientific) and 10% of its own conditioned medium (complete media). The cells were passaged once per week, and the medium was changed with the same frequency. The HaCaT cells (immortalized human keratinocytes) were cultured in Dulbecco’s modified Eagle medium (Biological Industries) supplemented with 10% FBS (Capricorn Scientific). The cells were passaged twice per week, and the medium was changed with the same frequency. The cell cultures were maintained under a humidified 5% CO2 atmosphere at 37 °C.




3.2.3. Antiproliferative Activity


For viability assays, cells were treated with a 0.25% Trypsin–0.05% EDTA solution and plated in 96-well plates in complete medium the day before the experiment. The cells were seeded in a 96-well plate at densities of 8 × 103 cells per well for T24 cells, 12.5 × 103 cells per well for LNCaP cells, and 10 × 103 cells per well for HaCaT cells. The cultures were allowed to attach for 24 h in a humidified 5% CO2 atmosphere at 37 °C. Then, the cells were treated with increasing concentrations of the compounds (0.4–100.0 µM) prepared in complete medium using stock solutions in DMSO and were kept for 48 h in a CO2 incubator. Wells with only media or 0.5% DMSO were added as controls. The antiproliferative activity of the compounds was assayed using the SRB method in at least three independent experiments [33].




3.2.4. Nitric-Oxide-Releasing Activity


The NO-releasing ability of the synthesized compounds was determined in T24 and LNCaP cell cultures as we previously described [32]. Cells were seeded in a 96-well plate at densities of 8 × 103 and 12.5 × 103 cells per well, respectively, and were allowed to attach for 24 h in a humidified 5% CO2 atmosphere at 37 °C. Afterward, the culture milieu was removed, and the solubilized compounds in DMSO were added at the final concentration of 100 µM diluted in fresh culture medium in triplicate. Controls with medium and 0.5% DMSO were included in each experiment. The cells were further incubated for 3 h at 37 °C and 5% CO2, and the NO production was measured as the nitrite content in the culture medium by the Griess reaction. To develop this assay, 50 µL of culture medium was transferred to a new multi-well plate. At the same time, a standard curve with NaNO2 was performed at serial dilutions between 0 and 100 µM in 50 µL of culture medium. Then, 50 µL of 1% sulfanilamide solution in 5% phosphoric acid was added to each well and incubated for 10 min while protected from light. Then, 50 µL of 0.1% N-1-naphthylethylendiamine dihydrochloride in water was added, and the plates were incubated for another 10 min in the dark. The absorbance was measured at 540 nm using a microplate spectrophotometer (Varioskan Flash Microplate spectrophotometer; Thermo Fisher, Vantaa, Finland). The NO concentration for each condition was determined in at least three independent experiments.




3.2.5. Antiproliferative Activity with Hemoglobin


To investigate the contribution of ⋅NO to the antiproliferative activity of the studied compounds, we tested their effect on T24 bladder cancer cell growth in the absence and presence of Hb. Cells were seeded into a 96-well plate at 8 × 103 cells per well and were allowed to attach for 24 h. The cultures were pretreated with Hb (0 µM or 50 µM) for 1 h and then treated with 10 µM of the selected compounds for 48 h. Then, the antiproliferative activity was assessed by the SRB assay in at least three independent experiments. A statistical analysis was carried out using a two-way analysis of variance (ANOVA).






4. Conclusions


In conclusion, we report the synthesis of 12 compounds derived from furoxan and its precursors via the multicomponent reactions of Ugi and GBB under greener conditions. These MCRs were performed under mild temperature conditions and short reaction times using the Monowave 50 reactor and EtOH as a green solvent with yields of 25–96%. The minilibrary of compounds obtained was assayed against two human cancer cell lines, with most of them displaying the ability to inhibit cell growth. Higher activity was observed in the T24 bladder cancer line than in the LNCaP prostate cancer line. Our studies showed that every compound was able to release ·NO in the presence of T24 and LNCaP cells. The antiproliferative activity of the compounds declined in the presence of an ·NO scavenger (hemoglobin), suggesting that ·NO release is partially involved in their anticancer mechanism. Compounds Ugi-Fx (8a) and 12e exhibited the most potent activity (GI50 of 730 and 830 nM, respectively), being more active than the reference drug cisplatin on the T24 cell line and similar to it on the LNCaP cell line. Both compounds proved to have a ten-fold higher selectivity for T24 cancer cells than for non-cancer cells HaCaT, surpassing cisplatin and also the furoxan derivative 2. Our results demonstrate that coupling the furoxan system to structures derived from multicomponent reactions can enhance antiproliferative activity and selectivity, particularly in the T24 bladder cancer line. Concerning the LNCaP cell line, it is worth mentioning that imidazo[1,2-a]pyrazine 12d stands out, with an SI value 10 times higher than the reference drug cisplatin, and was, hence, identified as starting point in the design of new GBB furoxan derivatives with improved selectivity. Additional studies are being performed to further explore the anticancer mechanism of compounds 8a, 12d, and 12e. The results will be reported in due course.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/molecules27061756/s1, Table S1: Levels of NO produced by the compounds during incubation in physiological solution in the presence of L-cysteine, Figures of 1H, 13C-NMR spectra of synthesized compounds and 2D NOESY NMR for compounds 10 and 12a.





Author Contributions


Conceptualization, W.P. and G.V.L.; methodology, M.I., V.d.l.S., R.D., P.H., W.P. and G.V.L.; validation, M.I., V.d.l.S., R.D., P.H., W.P. and G.V.L.; formal analysis, M.I., V.d.l.S., R.D., P.H., W.P. and G.V.L.; investigation, M.I., V.d.l.S. and R.D.; resources, M.I., V.d.l.S. and R.D.; data curation, M.I., V.d.l.S. and R.D.; writing—original draft preparation, M.I. and V.d.l.S.; writing—review and editing, R.D., P.H., W.P. and G.V.L.; visualization, M.I., V.d.l.S. and R.D.; supervision, P.H., W.P. and G.V.L.; project administration, W.P. and G.V.L.; funding acquisition, W.P. and G.V.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by CSIC, Udelar, and PEDECIBA-Química, Uruguay.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors are thankful for the technical support provided by Alejandro Leyva from Institut Pasteur de Montevideo, Guillermo Moyna and Horacio Pezaroglo from Universidad de la República, and Kevin Zirbesegger, Florencia Arredondo, and Eduardo Savio from CUDIM.




Conflicts of Interest


The authors declare no conflict of interest.




Sample Availability


Samples of the compounds are available from the authors.




References


	



World Health Organization (WHO). Available online: https://www.who.int/news-room/fact-sheets/detail/cancer (accessed on 30 December 2021).

	



Kamat, A.M.; Hahn, N.M.; Efstathiou, J.A.; Lerner, S.P.; Malmström, P.U.; Choi, W.; Guo, C.C.; Lotan, Y.; Kassouf, W. Bladder cancer. Lancet 2016, 388, 2796–2810. [Google Scholar] [CrossRef]

	



Rawla, P. Epidemiology of Prostate Cancer. World J. Oncol. 2019, 10, 63–89. [Google Scholar] [CrossRef]

	



Wu, G.; Zhao, T.; Kang, D.; Zhang, J.; Song, Y.; Namasivayam, V.; Kongsted, J.; Pannecouque, C.; De Clercq, E.; Poongavanam, V.; et al. Overview of Recent Strategic Advances in Medicinal Chemistry. J. Med. Chem. 2019, 62, 9375–9414. [Google Scholar] [CrossRef]

	



Bryan, M.C.; Dillon, B.; Hamann, L.G.; Hughes, G.J.; Kopach, M.E.; Peterson, E.A.; Pourashraf, M.; Raheem, I.; Richardson, P.; Richter, D.; et al. Sustainable Practices in Medicinal Chemistry: Current State and Future Directions. J. Med. Chem. 2013, 56, 6007–6021. [Google Scholar] [CrossRef]

	



Zarganes-Tzitzikas, T.; Chandgude, A.L.; Dömling, A. Multicomponent Reactions, Union of MCRs and Beyond. Chem. Rec. 2015, 15, 981–996. [Google Scholar] [CrossRef]

	



Ruijter, E.; Orru, R.; Synthetic and BioOrganic Chemistry Group. Multicomponent reactions in drug discovery and medicinal chemistry. Drug Discov. Today Technol. 2018, 29, 1–2. [Google Scholar] [CrossRef]

	



Ingold, M.; Dapueto, R.; Victoria, S.; Galliusi, G.; Batthyàny, C.; Bollati-Fogolín, M.; Tejedor, D.; García-Tellado, F.; Padrón, J.M.; Porcal, W.; et al. A green multicomponent synthesis of tocopherol analogues with antiproliferative activities. Eur. J. Med. Chem. 2018, 143, 1888–1902. [Google Scholar] [CrossRef]

	



Ingold, M.; Colella, L.; Hernández, P.; Batthyány, C.; Tejedor, D.; Puerta, A.; García-Tellado, F.; Padrón, J.M.; Porcal, W.; López, G.V. A Focused Library of NO-Donor Compounds with Potent Antiproliferative Activity Based on Green Multicomponent Reactions. ChemMedChem 2019, 14, 1669–1683. [Google Scholar] [CrossRef]

	



Ugi, I.; Meyr, R.; Fetzer, U.; Steinbrückner, C. Versuche mit Isonitrilen. Angew. Chem. 1959, 71, 386–388. [Google Scholar]

	



Groebke, K.; Weber, L.; Mehlin, F. Synthesis of imidazo[1,2-a] annulated pyridines, pyrazines and pyrimidines by a novel three-component condensation. Synlett 1998, 1998, 661–663. [Google Scholar] [CrossRef]

	



Blackburn, C.; Guan, B.; Fleming, P.; Shiosaki, K.; Tsai, S. Parallel synthesis of 3-aminoimidazo[1,2-a]pyridines and pyrazines by a new three-component condensation. Tetrahedron Lett. 1998, 39, 3635–3638. [Google Scholar] [CrossRef]

	



Bienayme, H.; Bouzid, K. A New Heterocyclic Multicomponent Reaction For the Combinatorial Synthesis of Fused 3-Aminoimidazoles. Angew. Chem. Int. Ed. 1998, 37, 2234–2237. [Google Scholar] [CrossRef]

	



Zarganes-Tzitzikas, T.; Dömling, A. Modern multicomponent reactions for better drug syntheses. Org. Chem. Front. 2014, 1, 834–837. [Google Scholar] [CrossRef]

	



Boltjes, A.; Dömling, A. The Groebke-Blackburn-Bienaymé Reaction. Eur. J. Org. Chem. 2019, 2019, 7007–7049. [Google Scholar] [CrossRef]

	



Pirrung, M.C.; Sarma, K. Das Aqueous medium effects on multi-component reactions. Tetrahedron 2005, 61, 11456–11472. [Google Scholar] [CrossRef]

	



Vidyacharan, S.; Shinde, A.H.; Satpathi, B.; Sharada, D.S. A facile protocol for the synthesis of 3-aminoimidazo-fused heterocycles via the Groebke-Blackburn-Bienayme reaction under catalyst-free and solvent-free conditions. Green Chem. 2014, 16, 1168–1175. [Google Scholar] [CrossRef]

	



Dolzhenko, A.V. Microwave-Assisted Multicomponent Reactions; Elsevier: Amsterdam, The Netherlands, 2021; ISBN 9780128198483. [Google Scholar]

	



Jovanović, M.; Zhukovsky, D.; Podolski-Renić, A.; Domračeva, I.; Žalubovskis, R.; Senćanski, M.; Glišić, S.; Sharoyko, V.; Tennikova, T.; Dar’in, D.; et al. Novel electrophilic amides amenable by the Ugi reaction perturb thioredoxin system via thioredoxin reductase 1 (TrxR1) inhibition: Identification of DVD-445 as a new lead compound for anticancer therapy. Eur. J. Med. Chem. 2019, 181, 111580. [Google Scholar] [CrossRef]

	



Fouad, M.A.; Hamida Abdel-Hamida, H.; Salah Ayoup, M.S. Two decades of recent advances of Ugi reactions: Synthetic and pharmaceutical applications. RSC Adv. 2020, 10, 42644–42681. [Google Scholar] [CrossRef]

	



Serafim, R.A.M.; Pernichelle, F.G.; Ferreira, E.I. The latest advances in the discovery of nitric oxide hybrid drug compounds. Expert Opin. Drug Discov. 2017, 12, 941–953. [Google Scholar] [CrossRef]

	



Glynn, S.A. Emerging novel mechanisms of action for nitric oxide in cancer progression. Curr. Opin. Physiol. 2019, 9, 18–25. [Google Scholar] [CrossRef]

	



Seabra, A.B.; Durán, N. Nitric oxide donors for prostate and bladder cancers: Current state and challenges. Eur. J. Pharmacol. 2018, 826, 158–168. [Google Scholar] [CrossRef] [PubMed]

	



Fershtat, L.L.; Makhova, N.N. Molecular Hybridization Tools in the Development of Furoxan-Based NO-Donor Prodrugs. ChemMedChem 2017, 12, 622–638. [Google Scholar] [CrossRef] [PubMed]

	



Ramazani, A.; Karimi, M.; Hosseinzadeh, Z.; Rezayati, S.; Hanifehpour, Y.; Joo, S.W. Syntheses and Antitumor Properties of Furoxan Derivatives. Curr. Org. Chem. 2021, 25, 757–778. [Google Scholar] [CrossRef]

	



Huang, Z.; Fu, J.; Zhang, Y. Nitric Oxide Donor-Based Cancer Therapy: Advances and Prospects. J. Med. Chem. 2017, 60, 7617–7635. [Google Scholar] [CrossRef]

	



Vannini, F.; MacKessack-Leitch, A.C.; Eschbach, E.K.; Chattopadhyay, M.; Kodela, R.; Kashfi, K. Synthesis and anti-cancer potential of the positional isomers of NOSH-aspirin (NBS-1120) a dual nitric oxide and hydrogen sulfide releasing hybrid. Bioorg. Med. Chem. Lett. 2015, 25, 4677–4682. [Google Scholar] [CrossRef]

	



Kappe, C.O.; Account, P. My Twenty Years in Microwave Chemistry: From Kitchen Ovens to Microwaves that aren’t Microwaves. Chem. Rec. 2019, 19, 15–39. [Google Scholar] [CrossRef]

	



Pace, V.; Hoyos, P.; Castoldi, L.; Domínguez De María, P.; Alcántara, A.R. 2-Methyltetrahydrofuran (2-MeTHF): A Biomass-Derived Solvent with Broad Application in Organic Chemistry. ChemSusChem 2012, 5, 1369–1379. [Google Scholar] [CrossRef]

	



Přibylka, A.; Krchňák, V.; Schütznerová, E. Environmentally friendly SPPS I. Application of NaOH in 2-MeTHF/methanol for Fmoc removal. Green Chem. 2019, 21, 775–779. [Google Scholar] [CrossRef]

	



dos Santos Fernandes, G.F.; de Souza, P.C.; Marino, L.B.; Chegaev, K.; Guglielmo, S.; Lazzarato, L.; Fruttero, R.; Chung, M.C.; Pavan, F.R.; dos Santos, J.L. Synthesis and biological activity of furoxan derivatives against Mycobacterium tuberculosis. Eur. J. Med. Chem. 2016, 123, 523–531. [Google Scholar] [CrossRef]

	



Vichai, V.; Kirtikara, K. Sulforhodamine B colorimetric assay for cytotoxicity screening. Nat. Protoc. 2006, 1, 1112–1116. [Google Scholar] [CrossRef]

	



Pérez, F.; Varela, M.; Canclini, L.; Acosta, S.; Martínez-López, W.; López, G.V.; Hernández, P. Furoxans and tocopherol analogs-furoxan hybrids as anticancer agents. Anticancer Drugs 2019, 30, 330–338. [Google Scholar] [CrossRef] [PubMed]

	



Burov, O.N.; Kletskii, M.E.; Fedik, N.S.; Lisovin, A.V.; Kurbatov, S.V. Mechanism of Thiol-Induced Nitrogen(II) Oxide Donation by Furoxans: A Quantum-Chemical Study. Chem. Heterocycl. Compd. 2016, 51, 951–960. [Google Scholar] [CrossRef]

	



Sun, J.; Zhang, X.; Broderick, M.; Fein, H. Measurement of Nitric Oxide Production in Biological Systems by Using Griess Reaction Assay. Sensors 2003, 3, 276–284. [Google Scholar] [CrossRef]

	



Yu, N.; Li, N.; Wang, K.; Deng, Q.; Lei, Z.; Sun, J.; Chen, L. Design, synthesis and biological activity evaluation of novel scopoletin-NO donor derivatives against MCF-7 human breast cancer in vitro and in vivo. Eur. J. Med. Chem. 2021, 224, 113701. [Google Scholar] [CrossRef]

	



Moharram, S.; Zhou, A.; Wiebe, L.I.; Knaus, E.E. Design and Synthesis of 3′- and 5′-O-(3-Benzenesulfonylfuroxan-4-yl)-2′-deoxyuridines:  Biological Evaluation as Hybrid Nitric Oxide Donor−Nucleoside Anticancer Agents. J. Med. Chem. 2004, 47, 1840–1846. [Google Scholar] [CrossRef] [PubMed]

	



Boiani, M.; Cerecetto, H.; González, M. Cytotoxicity of furoxans: Quantitative structure-activity relationships study. Il Farmaco 2004, 59, 405–412. [Google Scholar] [CrossRef] [PubMed]

	



Cerecetto, H.; Porcal, W. Pharmacological properties of furoxans and benzofuroxans: Recent developments. Mini-Rev. Med. Chem. 2005, 5, 57–71. [Google Scholar] [CrossRef]

	



Sodano, F.; Gazzano, E.; Rolando, B.; Marini, E.; Lazzarato, L.; Fruttero, R.; Riganti, C.; Gasco, A. Tuning NO release of organelle-targeted furoxan derivatives and their cytotoxicity against lung cancer cells. Bioorg. Chem. 2021, 111, 104911. [Google Scholar] [CrossRef]








[image: Molecules 27 01756 g001 550] 





Figure 1. Ugi and GBB reactions. 
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Scheme 1. Explored routes for the synthesis of Ugi-Fx (8a). 






Scheme 1. Explored routes for the synthesis of Ugi-Fx (8a).



[image: Molecules 27 01756 sch001]







[image: Molecules 27 01756 g002 550] 





Figure 2. Scope of ·NO donors via Ugi MCR under optimized greener conditions (overall yield). 






Figure 2. Scope of ·NO donors via Ugi MCR under optimized greener conditions (overall yield).



[image: Molecules 27 01756 g002]







[image: Molecules 27 01756 sch002 550] 





Scheme 2. Synthetic routes explored for the synthesis of GBB derivative 12a. 
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Scheme 3. Synthesis of the GBB-furoxan compounds 12b–12d under green conditions. 
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Figure 3. Levels of ·NO produced by Ugi-furoxan and GBB-furoxan derivatives (A) in T24 cells and (B) in LNCaP cells. The results are the means ± SD of three independent experiments. SNAP is the ·NO-releasing positive control compound. The red dotted line indicates the baseline, corresponding to the negative control that was treated only with culture medium. 
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Figure 4. Effects of hemoglobin (Hb) on the antiproliferative effect of selected ·NO-donor compounds. The results are expressed as the percentage of cell growth inhibition relative to the control cells. The data are the means ± SD obtained from three determinations. Statistical analysis: a two-way ANOVA followed by a Bonferroni multiple comparison test: **** p < 0.0001. 
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Table 1. Structure of ⋅NO-donor Ugi derivative 8a with antiproliferative activity against six cancer cells lines and its selectivity index (SI) in comparison to the non-cancer HaCaT human cells [9].
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	A549 (Lung)
	HBL-100 (Breast)
	HeLa (Cervix)
	SW1573 (Lung)
	T-47D (Breast)
	WiDr (Colon)





	GI50 (µM)
	2.3 (±0.5)
	0.23 (±0.02)
	1.8 (±0.3)
	0.021 (±0.013)
	1.9 (±0.3)
	3.0 (±0.6)



	SI
	4.3
	43
	5.5
	471.4
	5.2
	3.3
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Table 2. Antiproliferative activity (GI50, μM) a against bladder (T24) and prostate (LNCaP) human cancer cells of compounds obtained via Ugi and GBB reactions.
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Compound

	
Cell Line

	
Compound

	
Cell Line




	
T24

	
LNCaP

	

	
T24

	
LNCaP






	
Furoxan reference compounds




	
3

	
8.60 (±1.68)

	
32.46 (±9.96)

	
11a

	
7.08 (±1.70)

	
24.52 (±5.20)




	
Ugi products

	
GBB products

	

	




	
7a

	
>100

	
>100

	
10

	
>100

	
>100




	
Ugi-Fx (8a)

	
0.73 (±0.12)

	
20.2 (±4.66)

	
12a

	
1.76 (±0.34)

	
24.7 (±1.83)




	
8b

	
1.83 (±0.59)

	
13.3 (±5.60)

	
12b

	
0.85 (±0.25)

	
7.70 (±2.13)




	
8c

	
2.18 (±0.63)

	
18.8 (±1.62)

	
12c

	
2.99 (±0.98)

	
24.2 (±3.40)




	
8d

	
2.10 (±0.45)

	
21.79 (±8.39)

	
12d

	
2.72 (±0.41)

	
8.13 (±1.55)




	
8e

	
1.53 (±0.29)

	
21.82 (±6.09)

	
12e

	
0.83 (±0.14)

	
16.53 (±4.99)




	
8f

	
2.86 (±0.46)

	
29.87 (±6.96)

	
Positive control




	
8g

	
1.70 (±0.46)

	
36.7 (±11.8)

	
Cisplatin

	
3.28 (±1.20)

	
20.3 (±4.20)








a Mean (±standard error of the mean).
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Table 3. Cytotoxicity of Ugi and GBB derivatives against HaCaT cells, along with selectivity indices.
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Compound

	
HaCaT GI50 (µM) a

	
SIb




	
T24

	
LNCaP






	
2

	
1.47 (±1.11) c

	
1.1c

	
ND




	
3

	
14.40 (±1.92)

	
1.7

	
0.4




	
11a

	
7.83 (±1.43)

	
1.1

	
0.3




	
Ugi-Fx (8a)

	
10.58 (±3.08)

	
14.5

	
0.5




	
8b

	
3.78 (±1.15)

	
2.1

	
0.3




	
8c

	
4.62 (±0.99)

	
2.1

	
0.2




	
8d

	
9.99 (±2.70)

	
4.8

	
0.5




	
8e

	
11.78 (±2.57)

	
4.5

	
0.5




	
8f

	
11.85 (±2.73)

	
7.7

	
0.4




	
8g

	
4.99 (±1.19)

	
2.9

	
0.1




	
12a

	
7.44 (±2.13)

	
4.2

	
0.3




	
12b

	
3.11 (±0.94)

	
3.7

	
0.4




	
12c

	
5.22 (±1.20)

	
1.7

	
0.2




	
12d

	
9.84 (±2.06)

	
3.6

	
1.2




	
12e

	
9.01 (±2.06)

	
10.8

	
0.2




	
Cisplatin

	
2.51 (±1.19)

	
0.8

	
0.1








a Mean (±standard error of the mean). b Selectivity index: (GI50 (HaCaT))/(GI50 (cancer cell line)). c Data from [33]. ND: Not determined.
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