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Organocatalytic asymmetric approach to spirocyclic tetrahydrothiophenes containing either a butenolide or an azlactone structural motif Joanna Hejmanowska and Łukasz Albrecht* Institute of Organic Chemistry, Department of Chemistry, Lodz University of Technology, Żeromskiego 116, 90-924 Lodz, Poland E-mail: [email protected] DOI: http://dx.doi.org/10.3998/ark.5550190.p009.622 Abstract In this manuscript a new organocatalytic approach to spirocyclic tetrahydrothiophenes bearing either a butenolide or an azlactone moiety is described. The developed methodology is based on the cascade reactivity of 2-mercaptoacetaldehyde (generated in situ from 1,4-dithiane-2,5-diol) with α,β-unsaturated butenolides or azlactones, that consists of a thio-Michael addition followed by an intramolecular aldol reaction. Chiral bases derived from cinchona alkaloids are used as a catalyst promoting the cascade and controlling its stereochemical outcome. Keywords: azlactones
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Introduction The biological properties of organic compounds are dependent upon the presence of specific structural features. The development of methods for the efficient and selective introduction of these motifs to target molecules is highly relevant to the contemporary medicinal and organic chemistry.1,2 Notably, stereoselective strategies enabling the synthesis of enantiomerically enriched products are of particular significance as the biological properties of organic compounds are in most cases directly connected with their absolute stereochemistry.3,4 In this context, asymmetric organocatalysis, where a catalytic amount of a simple organic molecule is employed as rate-enhancer and stereochemical-inducer of a given chemical transformation is worth noticing.5-9 Decreasing the amount of generated waste and avoiding contamination of the product with a metal are among many benefits of organocatalytic reactions that are particularly important from the pharmacological industry point of view.
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Tetrahydrothiophenes, 2(3H)-furanones and α,α-disubstituted amino acids constitute three interesting groups of biologically relevant molecules with a broad applicability in organic chemistry (Figure 1).10-23 For instance, the tetrahydrothiophene structural motif is present in various natural products and pharmacologically active molecules (Figure 1, top).10-12 2(3H)Furanones, commonly known as Δβ,γ-butenolides, are another group of biologically relevant molecules that has been successfully applied in the target-oriented organic synthesis (Figure 1, middle).13-18 Furthermore, this group of unsaturated γ-lactones is also widely distributed in nature. Owing to their interesting biological properties, α,α-disubstituted amino acids occupy a prominent position among biologically relevant compounds (Figure 1, bottom).19-24 Notably, the azlactone moiety serves as a synthetic precursor of α,α-disubstituted amino acid and the azlactone ring opening can be accomplished under acidic conditions.25-31 Given the importance of tetrahydrothiophene, butenolide and azlactone scaffolds, the development of methods for their introduction into target molecules, in particular in a stereocontrolled manner, constitutes an important goal in modern synthetic organic chemistry.



Figure 1. The importance of tetrahydrothiophene, butenolide and α,α-disubstituted amino acid structural motifs Herein we report our studies on the development of an organocatalytic strategy leading to spirocyclic tetrahydrothiophenes 7 and 8 bearing a butenolide or azlactone structural motif (Scheme 1). The devised synthetic strategy is initiated by the thio-Michael addition of 2-
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mercaptoacetaldehyde 4 (generated in situ from 1,4-dithiane-2,5-diol 3) to 3-alkylidene-5phenylfuran-2(3H)-ones 1 or 4-alkylidene-2-phenyloxazol-5-ones 2 to give an anion 5 or 6 possessing an aromatic character. Subsequent, intramolecular aldol reaction enables the construction of a five-membered tetrahydrothiophene scaffold bearing three contiguous stereogenic centers with one being quaternary at the spiro carbon atom (for related examples of thio-Michael/aldol reaction sequences realized under organocatalytic conditions see refs 32-36). It was expected that the reaction should be possible to realize under basic conditions (for selected reviews on the enantioselective Brønsted base catalysis see refs 37-42) and the use of chiral catalyst should enable the synthesis of enantiomerically enriched products 7 and 8. Notably, the devised strategy can be categorized as a cascade reactivity (for selected reviews on organocatalytic cascade reactivities see refs 43-46) where more than one-bond is being formed in a single operation what further increases the attractiveness of the approach.



Scheme 1. Synthetic objectives of our studies.



Results and Discussion Studies were started with the goal of finding the optimal reaction conditions for the devised cascade reactivity. Initially, the sequence leading to products 7 bearing a butenolide scaffold was studied and 3-benzylidene-5-phenylfuran-2-one 1a was chosen as a model electrophile. For the ease of isolation and enantiomeric excess determination originally formed cascade product 7a was directly subjected to the acetylation reaction using acetic anhydride in the presence of triethylamine and 4-(dimethylamino)pyridine to give 9a. Catalyst screening revealed that the Page 227
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reaction proceeds under basic conditions and the application of simple cinchona alkaloid quinine 10a enables the full conversion of 1a with the formation of 9a in moderate diastereoselectivity (Scheme 2). Disappointingly, the product 9a proved almost racemic. Therefore, bifunctional cinchona-alkaloid-derived catalysts 10b and 10c bearing a double H-bonding unit were tested. Unsatisfactory increase of the enantioselectivity was observed using these systems. Therefore, dimeric catalysts 10d and 10e containing dihydroquinidine structural sub-units were evaluated in the last part of the catalyst screening. Catalyst 10d containing a pyrimidine-based linker provided product 9a with the highest enantioselectivity and was used in the further optimization studies.



Scheme 2. Asymmetric, organocatalytic synthesis of tetrahydrothiophenes 9 bearing a butenolide scaffold – catalyst optimization. Page 228
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Despite low enantiomeric excess obtained in this part of the screening, further studies focused on the optimization of reaction solvent, concentration, relative ratio of the reactants and temperature were undertaken (Table 1). It was found that a change of solvent had a beneficial influence on the reaction enantioselectivity (Table 1, entries 1-6). Significant increase of reaction enantioselectivity was observed in aromatic solvents with xylene (used as a mixture of regioisomers) being the optimal (Table 1, entry 6). Subsequent temperature screening (Table 1, entries 6-9) indicated that decrease of temperature led to further enhancement of the reaction enantioselectivity with the best results being obtained at 10 °C (Table 1, entry 7). The concentration effect was also evaluated in the screening studies (Table 1, entries 7, 10, 11). It was found that both increasing and decreasing of the concentration led to deterioration of the results. Finally, the change of relative ratio of the reactants did not improve the results (Table 1, entries 12, 13). Therefore, the scope studies were performed at 10 °C using xylene as a solvent (0.5 M) (Table 1, entry 7). Table 1. Asymmetric organocatalytic synthesis of tetrahydrothiophenes 9 bearing a butenolide scaffold – optimization studies using organocatalyst 10d (Scheme 2)a



Entry



Solvent



Time [days]



Temperature [°C]



Conversion [%]b



drc



ee [%]d



1



Concentration [M] 0.50



1



THF



rt



>95



5:1



29



2



1,4-Dioxane



1



0.50



rt



>95



5:1



40



3



CH2Cl2



2



0.50



rt



>95



2:1



3



4



Benzene



1



0.50



rt



>95



5:1



41



5



Toluene



1



0.50



rt



>95



5:1



51



6



Xylene



1



0.50



rt



>95



6:1



59



7



Xylene



2



0.50



10



>95 (55)



5:1



70



8



Xylene



3



0.50



4



>95



7:1



64



9



Xylene



10



0.50



-40






n.d.



n.d.



10



Xylene



2



1.00



10



>95 (55)



6:1



70



11



Xylene



2



0.25



10



>95 (55)



7:1



70



e



Xylene



3



0.50



10



>95 (33)



5:1



64



f



Xylene



3



0.25



10



>95 (33)



5:1



59



12



13
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a



Reactions performed on 0.1 mmol scale using 1a (1 equiv) and 3 (1 equiv) in 0.2 mL of the solvent (see the Experimental Section for detailed reaction conditions). b Determined by 1H NMR of a crude reaction mixture. In parentheses the isolated yield over two step is given. c Determined by 1H NMR of a crude reaction mixture. d Determined by a chiral stationary phase HPLC. Enantiomeric excesses reported for the major diastereoisomer. e Reaction performed using 1a (2 equiv) and 3 (1 equiv). f Reaction performed using 1a (4 equiv) and 3 (1 equiv). With the optimization studies accomplished, the scope of the methodology was evaluated (Scheme 3). It was found that both electron-withdrawing and electron-donating substituents could be successfully introduced on the phenyl ring of the alkylidene moiety in 1 (Scheme 3, compounds 9b, 9c). Disappointingly, both the yield and enantioselectivity of the cascade decreased. However, tetrahydrothiophene 9c was obtained in a highly diastereoselective fashion.
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Scheme 3. Asymmetric, organocatalytic synthesis of tetrahydrothiophenes 9 bearing a butenolide scaffold – scope studies.
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In the course of further studies, the possibility to introduce substituents in various positions of the aromatic ring present in the alkylidene moiety of 1 was studied (Scheme 3, compounds 9d, 9e). Notably, while the introduction of substituent in the meta position of this aromatic moiety had no pronounced influence on the reaction outcome as demonstrated in the synthesis of 9d, the ortho-substituted isomer 9e was obtained with much lower enantioselectivity. Given the importance of α,α-disubstituted amino acids and the usefulness of oxazolone rings as their precursors, attempts to combine the tetrahydrothiophene ring with the azlactone moiety based on the devised cascade reactivity were undertaken. Initial catalyst screening involving 4benzylidene-2-phenyloxazol-5-ones 2a as a model Michael acceptor was limited to cinchona alkaloid derivatives 10c and 10d (Table 2, entries 1, 2) as these systems proved the best in the synthesis of tetrahydrothiophenes 9. It was found that also in this cascade dimeric catalyst 10d afforded spirocyclic product 8a (that was directly subjected to the acylation reaction to give 11a) with the highest stereochemical efficiency. Therefore, 10d was employed in the solvent screening (Table 2, entries 2-6) that enabled us to identify toluene as the best solvent (Table 2, entry 6). Subsequent temperature screening revealed that performing the reaction at temperatures below room temperature is obligatory (Table 2, entries 6-9). However, at this stage in the study it was found that the isolated yield of a product 11a over two steps was disappointingly low, despite the full conversion of 2a observed. As the highest isolated yield was obtained at 4 °C further optimization with regard to reaction concentration effect was performed at this temperature (Table 2, entries 6-10, 11). It was found that the chemical efficiency increased with the concentration of the reaction mixture. The relative ratio of the reactants was the last optimized parameter (Table 2, entries 12, 13). Notably, these experiments were performed in a 0.5 M solution in toluene as there were problems with the solubility of 2a under more concentrated conditions. As the highest yield was obtained using 2-fold excess of azlactone 2a (with respect to 2-mercaptoacetaldehyde 4), it was decided to perform the scope studies under these conditions (Table 2, entry 13). Table 2. Asymmetric organocatalytic synthesis of tetrahydrothiophenes 11 bearing an azlactone scaffold – optimization studiesa
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Table 2 (continued) Entry Catalyst



Solvent



Time Concentration Temperature Conversion [days] [M] [°C] [%]b



drc



ee [%]d



1



10c



THF



2



0.5



4



>95



4:1



14



2



10d



THF



2



0.5



4



>95



10:1



37



3



10d



CH2Cl2



2



0.5



4






n.d.



n.d.



4



10d



CH3CN



2



0.5



4






n.d.



n.d.



5



10d



Xylene



5



0.5



4



67



4:1



79



6



10d



Toluene



2



0.5



4



>95 (27)



4:1



76



7



10d



Toluene



2



0.5



10



>95 (


>20:1



80



8



10d



Toluene



7



0.5



-15



40 (10)



4:1



57



9



10d



Toluene



10



0.5



-40






n.d.



n.d.



10



10d



Toluene



2



1.00



4



>95 (39)



4:1



78



11



10d



Toluene



2



0.25



4



>95 (19)



4:1



80



e



10d



Toluene



2



0.5



4



>95 (24)



3:1



60



f



10d



Toluene



2



0.5



4



>95 (44)



3:1



72



12



13 a



Reactions performed on 0.1 mmol scale using 2a (1 equiv) and 3 (1 equiv) in 0.2 mL of the solvent (see the Experimental Section for detailed reaction conditions). b Determined by 1H NMR of a crude reaction mixture. In parentheses the isolated yield over two step is given. c Determined by 1H NMR of a crude reaction mixture. d Determined by a chiral stationary phase HPLC. Enantiomeric excesses reported for the major diastereoisomer. e Reaction performed using 2a (2 equiv) and 3 (1 equiv). f Reaction performed using 2a (4 equiv) and 3 (1 equiv). Notwithstanding the moderate results obtained in the screening studies, the scope and limitations of the methodology was evaluated (Scheme 4). Various α,β-unsaturated azlactones 2 bearing either electron-withdrawing or donating substituents on the aromatic ring of the alkylidene moiety were reacted with 3. Interestingly, tetrahydrothiophenes 11b,c were obtained in a highly stereoselective fashion. Disappointingly, the reaction proceeded with low chemical efficiency when compared to the synthesis of the model product 11a. With regard to the position of substituents, the introduction of a substituent in the ortho-position had a negative influence on the cascade outcome (Scheme 4, compound 11e). The relative configuration of the products was assigned on the basis of 2D NOE experiments (Scheme 5). A strong correlation signal was observed for the H2 and H4 protons of the tetrahydrothiophene ring in the NOESY spectrum of 9a indicating the cis relationship of these two protons. Furthermore, due to the lack of NOE interactions of the vinylic proton of the butenolide moiety with either H2 or H4 protons, the cis alignment of the carbonyl group of the
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butenolide ring with relation to the H2 and H4 protons is deduced. The relative configuration of all other products 9 and 11 was assigned by analogy. The absolute configuration of stereogenic centers in tetrahydrothiophenes 9 and 11 was not studied.



Scheme 4. Asymmetric, organocatalytic synthesis of tetrahydrothiophenes 11 bearing an azlactone scaffold – scope studies.



Scheme 5. Relative configuration assignments on the basis of NOESY experiment. Page 233
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Conclusions In conclusion: we have developed a new method leading to spirocyclic tetrahydrothiophenes bearing either butenolide or azlactone structural motif. It was found that the reaction cascade consisting of a thio-Michael addition of 2-mercaptoacetaldehyde (generated in situ from 1,4dithiane-2,5-diol) with α,β-unsaturated butenolides or azlactones followed by the intramolecular aldol reaction can be realized under basic catalytic conditions. Furthermore, the usage of a chiral Brønsted base ensures the reaction to proceed in the enantioselective fashion. Disappointingly, in some cases reactions proceeded with moderate or low stereoselectivity. The relative configuration of the products was assigned by 2D NOE experiments.



Experimental Section General. 1H and 13C NMR spectra were recorded on a Bruker Ultra Shield 700 instrument.1H NMR with the solvent reference relative to TMS employed as the internal standard (CDCl3, δ = 7.26); 13C NMR relative to TMS with the respective solvent resonance as the internal standard (CDCl3, δ = 77.16). Mass spectra were recorded on a Bruker Maxis Impact spectrometer using electrospray (ES+) ionization. Flash chromatography was performed on Merck silica gel (60, particle size: 35–70 μm). TLC was carried out on commercially available pre-coated plates (Silica on TLC Alu foils, Fluka) and visualized by UV light. Optical rotations were measured on a Perkin-Elmer 241 polarimeter and []D values are given in deg·cm·g-1·dm-1; concentration c is listed in g·(100 mL)-1. Enantiomeric excess of adduct was determined by chiral stationary phase HPLC using Daicel Chiralpak IA and IC column. α,β-Unsaturated azlactones 1 and butenolides 2 were prepared according to literature procedures.47,48 Cinchona-alkaloid-derived catalysts 10b,c were synthesized following the literature procedures.49,50 Commercially available catalysts and reagents were purchased from Aldrich and used as received. Enantioselective synthesis of spirocyclic tetrahydrothiophene derivatives 9 bearing a butenolide scaffold: general procedure An ordinary screw-cap vial was charged with a magnetic stirring bar, the corresponding butenolide 1 (0.2 mmol), the 1,4-dithiane-2,5-diol 3 (0.2 mmol), the catalyst 10d (0.04 mmol) and xylene (0.4 mL). The reaction mixture was stirred at 10 oC and monitored by 1H NMR spectroscopy. When the signals of starting material 1 were no longer observed, the crude reaction mixture was directly subjected to acetylation. Ac2O (14.2 μL), Et3N (20 μL) and DMAP (catalytic amount) were added and the resulting mixture was stirred at 10 oC for 2 h. The reaction mixture was then poured into saturated aqueous NaHCO3 (10 mL), extracted with CH2Cl2 (3 × 10 mL), dried over MgSO4 and evaporated under reduced pressure. The residue obtained was directly purified by FC on silica gel (gradient hexane/AcOEt from 95:5 to 9:1) to afford target product 9.



Page 234



©



ARKAT-USA, Inc.



General Papers



ARKIVOC 2016 (v) 225-241



1-Oxo-3,6-diphenyl-2-oxa-7-thiaspiro[4.4]non-3-en-9-yl acetate (9a). Following the general procedure 9a was obtained as a yellow oil (55% yield) after 72 h (dr = 5:1). Major diastereoisomer: 1H NMR (700 MHz, CDCl3): δ 7.46 – 7.44 (m, 2H), 7.39 – 7.37 (m, 2H), 7.36 – 7.32 (m, 3H), 7.24 – 7.21 (m, 2H), 7.20 – 7.17 (m, 1H), 5.87 (s, 1H), 5.64 (dd, J 8.8, 7.3 Hz, 1H), 5.00 (s, 1H), 3.66 (dd, J 10.8, 7.3 Hz, 1H), 3.07 (dd, J 10.8, 8.8 Hz, 1H), 1.98 (s, 3H). 13C NMR (176 MHz, CDCl3): δ 176.0, 169.8, 153.8, 134.4, 130.2, 128.7, 128.7 (2C), 128.7 (2C), 128.5 (2C), 127.8, 125.2 (2C), 99.0, 79.7, 65.9, 54.8, 32.8, 20.8. HRMS calculated for [C21H18O4S+H]+: 367.0999; found: 367.1005. The ee was determined by HPLC using a Chiralpak IA column [hexane/i-PrOH (90:10)]; flow rate 1.0 mL/min; major = 7.8 min, minor = 8.9 min (70% ee); [] 20D = -65.3 (c = 0.6, CHCl3). Representative signals for the minor diasteroisomer: 1H NMR (700 MHz, CDCl3) δ 5.70 (dd, J 5.2, 3.5 Hz, 1H), 5.08 (s, 1H), 3.57 (dd, J 12.0, 5.2 Hz, 1H), 3.30 (dd, J 12.0, 3.5 Hz, 1H), 2.17 (s, 3H). 13C NMR (176 MHz, CDCl3): δ 174.1, 170.0, 153.8, 135.3, 130.3, 129.0 (2C), 128.7 (2C), 128.6, 128.5 (2C), 127.6, 125.2 (2C), 100.5, 79.2, 65.1, 55.6, 35.5, 21.0. 1-Oxo-3-phenyl-6-p-tolyl-2-oxa-7-thiaspiro[4.4]non-3-en-9-yl acetate (9b). Following the general procedure 9b was obtained as a yellow oil (38% yield) after 72 h (dr = 5:1). Major diastereoisomer: 1H NMR (700 MHz, CDCl3): δ 7.49 – 7.46 (m, 2H), 7.37 – 7.34 (m, 4H), 7.25 (s, 1H), 7.03 – 7.01 (m, 2H), 5.90 (s, 1H), 5.62 (dd, J 8.8, 7.3 Hz, 1H), 4.96 (s, 1H), 3.64 (dd, J 10.8, 7.3 Hz, 1H), 3.06 (dd, J 10.8, 8.8 Hz, 1H), 2.23 (s, 3H), 1.97 (s, 3H). 13C NMR (176 MHz, CDCl3): δ 176.0, 169.9, 153.7, 138.6, 131.3, 130.1, 129.2 (2C), 128.8 (2C), 128.7 (2C), 127.9, 125.3 (2C), 99.1, 79.8, 65.9, 54.5, 32.7, 21.2, 20.8. HRMS calculated for [C22H20O4S+H]+: 381.1155; found: 381.1150. The ee was determined by HPLC using a Chiralpak IA column [hexane/i-PrOH (95:5)]; flow rate 1.0 mL/min; major = 8.6 min, minor = 10.9 min (42% ee); [] 20D = -94.2 (c = 0.4, CHCl3). Representative signals for the minor diasteroisomer: 1H NMR (700 MHz, CDCl3) δ 5.69 (dd, J 5.2, 3.5 Hz, 1H), 5.05 (s, 1H), 3.56 (dd, J 12.0, 5.2 Hz, 1H), 3.28 (dd, J 12.0, 3.5 Hz, 1H), 2.26 (s, 3H), 2.16 (s, 3H).13C NMR (176 MHz, CDCl3): δ 174.2, 170.1, 153.7, 138.4, 132.2, 130.3, 129.3 (2C), 129.0 (2C), 128.8 (2C),127.7, 125.3 (2C), 100.7, 79.3, 66.2, 55.3, 35.3, 21.3, 21.0. 1-Oxo-3-phenyl-6-(4-(trifluoromethyl)phenyl)-2-oxa-7-thiaspiro[4.4]non-3-en-9-yl acetate (9c). Following the general procedure 9c was obtained as a yellow oil (35% yield) after 48 h (dr >20:1). Major diastereoisomer: 1H NMR (250 MHz, Chloroform-d): δ 7.51 (s, 4H), 7.49 – 7.43 (m, 2H), 7.40 – 7.33 (m, 3H), 5.83 (s, 1H), 5.63 (dd, J 8.4, 4.6 Hz, 1H), 5.02 (s, 1H), 3.69 – 3.62 (m, 1H), 3.15 – 3.08 (m, 1H), 1.98 (s, 3H).13C NMR (176 MHz, CDCl3): δ 175.2, 169.8, 162.7, 154.1, 137.3, 130.3, 128.6 (q, J 31.9 Hz, 2C), 127.9, 127.1 (2C), 125.3 (2C), 124.9 (q, J 3.7 Hz, 2C), 124.1 (q, J 270.3 Hz), 97.6, 79.7, 64.8, 52.1, 31.9, 21.7. HRMS calculated for [C22H17F3O4S+H]+: 435.0872; found: 435.0861. The ee was determined by HPLC using a Chiralpak IA column [hexane/i-PrOH (95:5)]; flow rate 1.0 mL/min;major = 9.0 min, minor = 12.8 min (32% ee); [] 20D = -53.7 (c = 0.3, CHCl3). 6-(3-Fluorophenyl)-1-oxo-3-phenyl-2-oxa-7-thiaspiro[4.4]non-3-en-9-yl acetate (9d). Following the general procedure 9d was obtained as a yellow oil (52% yield) after 72 h (dr =
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9:1). Major diastereoisomer: 1H NMR (700 MHz, CDCl3): δ 7.48 – 7.45 (m, 2H), 7.38 – 7.34 (m, 3H), 7.21 – 7.16 (m, 2H), 7.12 – 7.10 (m, 1H), 6.89 (tdd, J 8.4, 2.5, 1.0 Hz, 1H), 5.83 (s, 1H), 5.62 (dd, J 8.8, 7.3 Hz, 1H), 4.97 (s, 1H), 3.65 (dd, J 10.8, 7.3 Hz, 1H), 3.08 (dd, J 10.8, 8.8 Hz, 1H), 1,98 (s, 3H). 13C NMR (176 MHz, CDCl3): δ 175.8, 169.8, 162.7 (d, J 246.7 Hz), 154.1, 137.3 (d, J 7.3 Hz), 130.3, 130.1 (d, J 8.3 Hz), 128.8 (2C), 127.6, 125.3 (2C), 124.5, 115.8 (d, J 21.4 Hz), 115.7 (d, J 22.6 Hz), 98.6, 79.6, 65.8, 54.1, 32.9, 20.7. HRMS calculated for [C21H17FO4S+H]+: 385.0904; found: 385.0901. The ee was determined by HPLC using a Chiralpak IA column [hexane/i-PrOH (95:5)]; flow rate 1.0 mL/min; major = 10.1 min, minor = 12.3 min (58% ee). [] 20D = -155.6 (c = 0.5, CHCl3). Representative signals for the minor diasteroisomer: 1H NMR (700 MHz, CDCl3) δ 5.69 (dd, J 5.0, 3.2 Hz, 1H), 5.08 (s,1H), 3.58 (dd, J 12.1, 5.1 Hz, 1H), 2.12 (s, 3H).13C NMR (176 MHz, CDCl3): δ 169.8, 138.0 (d, J 7.1 Hz), 130.5, 128.8 (2C), 127.4, 125.3 (2C), 124.8 (d, J 2.8 Hz), 100.0, 79.3, 65.1, 55.1, 35.6, 21.0. 6-(2-Fluorophenyl)-1-oxo-3-phenyl-2-oxa-7-thiaspiro[4.4]non-3-en-9-yl acetate (9e). Following the general procedure 9e was obtained as a yellow oil (40% yield) after 72 h (dr = 5:1). Major diastereoisomer: 1H NMR (250 MHz, CDCl3): δ 7.53 – 7.48 (m, 4H), 7.47 – 7.43 (m, 2H), 7.37 – 7.34 (m, 2H), 5.92 (dd, J 8.4, 4.6 Hz, 1H), 5.83 (s, 1H), 5.68 – 5.58 (m, 1H), 5.02 (s, 1H), 3.69 – 3.62 (m, 1H), 3.15 – 3.08 (m, 1H), 1.98 (s, 3H).13C NMR (176 MHz, CDCl3): δ 175.7, 169.6, 160.6 (d, J 248.3 Hz), 153.9, 132.1 (d, J 9.9 Hz), 130.8 (d, J 3.2 Hz), 130.1, 128.6 (2C), 127.7, 125.1 (2C) , 123.8 (d, J 3.6 Hz), 122.5 (d, J 12.5 Hz), 115.5 (d, J 22.1 Hz), 98.3, 79.7, 66.2, 54.1, 32.9, 20.7. HRMS calculated for [C21H17FO4S+H]+: 385.0904; found: 385.0915. The ee was determined by HPLC using a Chiralpak IA column [hexane/i-PrOH (95:5)]; flow rate 1.0 mL/min; major = 12.8 min, minor = 14.7 min (21% ee). [] 20D = -86.7 (c = 0.5, CHCl3). Representative signals for the minor diasteroisomer: 1H NMR (700 MHz, CDCl3) 5.70 (dd, J 5.0, 3.1 Hz, 1H), 5.13 (s, 1H), 5.08 (s, 1H), 2.08 (s, 1H). Enantioselective synthesis of spirocyclic tetrahydrothiophene derivatives bearing an azlactone scaffold. General procedure. An ordinary screw-cap vial was charged with a magnetic stirring bar, the corresponding azlactone 2 (0.4 mmol), the 1,4-dithiane-2,5-diol 3 (0.1 mmol), the catalyst 10d (0.02 mmol) and toluene (0.2 mL). The reaction mixture was stirred at 4 o C and monitored by 1H NMR spectroscopy. When the signals of a starting material 2 were no longer observed, the crude reaction mixture was directly subjected to acetylation. Ac2O (28.4 μL), Et3N (40 μL) and DMAP (catalytic amount) were added and the resulting solution was stirred at 4oC for 2 h. The reaction mixture was poured into saturated aqueous NaHCO3 solution (10 mL), extracted with CH2Cl2 (3 × 10 mL), dried over MgSO4 and evaporated under reduced pressure. The residue obtained was directly purified by FC on silica gel (gradient hexane/AcOEt from 95:5 to 9:1) to afford a target product 11. 4-Oxo-2,6-diphenyl-3-oxa-7-thia-1-azaspiro[4.4]non-1-en-9-yl acetate (11a). Following the general procedure 11a was obtained as a yellow oil (44% yield) after 48 h (dr = 3:1). Major diastereoisomer: 1H NMR (700 MHz, CDCl3): 7.90 – 7.87 (m, 2H), 7.56 – 7.52 (m, 1H), 7.46 – 7.40 (m, 4H), 7.21 – 7.14 (m, 3H), 5.69 (dd, J 9.8, 7.0 Hz,1H), 5.03 (s, 1H), 3.58 (dd, J 9.8, 7.0
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Hz, 1H), 3.48 (t, J 9.8 Hz, 1H), 1.96 (s, 3H). 13C NMR (176 MHz, CDCl3): δ 175.8, 169.8, 161.5, 133.6, 133.4, 133.1, 129.7 (2C), 128.8 (2C), 128.3 (2C) , 128.2 (2C), 125.3, 80.7, 78.9, 54.0, 32.5, 20.7. HRMS calculated for [C20H17NO4S+H]+: 368.0951; found: 368.0958. The ee was determined by HPLC using a Chiralpak IA column [hexane/i-PrOH (90:10)]; flow rate 1.0 mL/min; major = 6.3 min, minor = 6.8 min (72% ee); [] 20D = -96.2 (c = 0.6, CHCl3). Representative signals for the minor diasteroisomer: 1H NMR (700 MHz, CDCl3) δ 5.74 (dd, J 10.0, 7.3 Hz, 1H), 5.04 (s, 1H), 1.97 (s, 3H).13C NMR (176 MHz, CDCl3): δ 172.4, 169.6, 162.8, 133.6, 133.3, 133.1, 129.7 (2C), 128.9 (2C), 128.6 (2C) , 128.3 (2C), 125.3, 81.8, 77.9, 50.9, 32.5, 20.8. 6-(4-Chlorophenyl)-4-oxo-2-phenyl-3-oxa-7-thia-1-azaspiro[4.4]non-1-en-9-yl acetate (11b). Following the general procedure 11b was obtained as a yellow oil (10% yield) after 96 h (dr >20:1). Major diastereoisomer: 1H NMR (700 MHz, CDCl3): δ 7.90 (dd, J 8.3, 1.3 Hz, 2H), 7.59 – 7.56 (m, 1H), 7.48 – 7.43 (m, 2H), 7.40 – 7.38 (m, 2H), 7.18 – 7.15 (m, 2H), 5.66 (dd, J 9.8, 7.0 Hz, 1H), 4.99 (s, 1H), 3.57 (dd, J 9.8, 7.0 Hz, 1H), 3.48 (t, J 9.9 Hz, 1H), 1.96 (s, 3H). 13C NMR (176 MHz, CDCl3): δ 175.6, 169.7, 161.8, 134.8, 133.4, 132.2, 131.1 (2C), 128.9 (2C), 128.5 (2C), 128.3 (2C), 125.1, 80.5, 78.9, 53.2, 32.5, 20.7. HRMS calculated for [C20H16ClNO4S+H]+: 402.0561; found: 402.0569. The ee was determined by HPLC using a Chiralpak IC column [hexane/i-PrOH (95:5)]; flow rate 1.0 mL/min;major = 10.0 min, minor = 9.3 min (82% ee); [] 20D = -62.7 (c = 0.4, CHCl3). 6-(4-Bromophenyl)-4-oxo-2-phenyl-3-oxa-7-thia-1-azaspiro[4.4]non-1-en-9-yl acetate (11c). Following the general procedure 11c was obtained as a yellow oil (9% yield) after 96 h (dr >20:1). Major diastereoisomer: 1H NMR (700 MHz, CDCl3) δ 7.93 – 7.88 (m, 2H), 7.59 – 7.55 (m, 1H), 7.48 – 7.43 (m, 2H), 7.33 (d, J 1.7 Hz, 4H), 5.66 (dd, J 9.8, 7.0 Hz, 1H), 4.97 (s, 1H), 3.57 (dd, J 9.8, 7.0 Hz, 1H), 3.48 (t, J 9.9 Hz, 1H), 1.96 (s, 3H). 13C NMR (176 MHz, CDCl3) δ 175.5, 169.7, 161.8, 133.8, 133.4, 132.7, 131.5 (2C), 131.4 (2C), 128.9 (2C), 128.3 (2C), 125.1, 80.4, 78.9, 53.2, 31.7, 22.8. HRMS calculated for [C20H16BrNO4S+H]+: 446.0056; found: 446.0044. The ee was determined by HPLC using a Chiralpak IC column [hexane/i-PrOH (95:5)]; flow rate 1.0 mL/min;major = 10.5 min, minor = 9.5 min (82% ee); [] 20D = -35.8 (c = 0.4, CHCl3). 2-(3-Fluorophenyl)-4-oxo-6-phenyl-3-oxa-7-thia-1-azaspiro[4.4]non-1-en-9-yl acetate (11d). Following the general procedure 11d was obtained as a yellow oil 30% yield) after 72 h (dr = 10:1). Major diastereoisomer: 1H NMR (250 MHz, CDCl3): δ 7.50 – 7.43 (m, 2H), 7.39 – 7.32 (m, 3H), 7.21 – 7.06 (m, 3H), 6.99 – 6.86 (m, 1H), 5.63 (dd, J 8.2, 6.6 Hz, 1H), 5.34 (s, 1H), 3.57 (dd, J 9.8, 7.0 Hz, 1H), 3.48 (t, J 9.9 Hz, 1H), 1.99 (s, 3H).13C NMR (176 MHz, CDCl3): δ 175.6, 169.8, 162.5 (d, J 246.9 Hz), 161.7, 136.3 (d, J 7.5 Hz), 133.4, 129.8 (d, J 8.2 Hz), 128.9 (2C), 128.3 (2C), 125.2, 125.1 (d, J 2.9 Hz), 116.9 (d, J 22.9 Hz), 116.0 (d, J 21.3 Hz), 80.5, 78.8, 53.3, 32.5, 20.7. HRMS calculated for [C20H16FNO4S+H]+: 386.0857; found: 386.0867. The ee was determined by HPLC using a Chiralpak IC column [hexane/i-PrOH (95:5)]; flow rate 1.0 mL/min; major = 15.1 min, minor = 12.2 min (55% ee). [] 20D = -75.7 (c = 0.7, CHCl3).
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Representative signals for the minor diasteroisomer: 1H NMR (700 MHz, CDCl3) 5.30 (s, 1H), 2.08 (s. 3H). 4-Oxo-2-phenyl-6-o-tolyl-3-oxa-7-thia-1-azaspiro[4.4]non-1-en-9-yl acetate (11e). Following the general procedure 11e was obtained as a yellow oil (34% yield) after 48 h (dr = 2:1). Major diastereoisomer: 1H NMR (700 MHz, CDCl3) δ 7.95 – 7.93 (m, 2H), 7.88 – 7.85 (m, 1H), 7.47 – 7.43 (m, 3H), 7.06 – 7.00 (m, 3H), 5.73 (dd, J 9.8, 7.0 Hz, 1H), 5.49 (s, 1H), 3.59 (dd, J 9.8, 7.0 Hz, 1H), 3.51 (t, J 9.8 Hz, 1H), 2.34 (s, 3H), 1.97 (s, 3H). 13C NMR (176 MHz, CDCl3) δ 176.2, 169.8, 161.4, 137.0, 133.2, 131.9, 130.4, 129.4, 128.9 (2C), 128.4 (2C), 128.2, 126.6, 125.5, 79.9, 79.3, 48.0, 32.5, 20.7, 19.7. HRMS calculated for [C21H19NO4S+H]+: 382.1108; found: 382.1106. The ee was determined by HPLC using a Chiralpak IC column [hexane/i-PrOH (95:5)]; flow rate 1.0 mL/min; major = 6.4 min, minor = 6.8 min (60% ee); [] 20D = -181.2 (c = 0.7, CHCl3). Representative signals for the minor diasteroisomer: 1H NMR (700 MHz, CDCl3) δ 5.77 (dd, J 9.9, 7.4 Hz, 1H), 5.46 (s, 1H), 3.67 (t, J 10.0 Hz, 1H), 2.35 (s, 3H), 1.96 (s, 3H).13C NMR (176 MHz, CDCl3): δ 176.2, 169.6, 162.4, 137.7, 133.3, 131.6, 130.5, 129.0 (2C), 128.6, 128.2 (2C), 125.4, 82.7, 78.1, 46.4, 29.8, 20.8, 20.0.
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