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Abstract

:

This paper presents the general synthesis of a comprehensive group of P-chiral phosphinyl derivatives with a natural coumarin-type motif. A chiral substituent was attached at the third position of the coumarin molecule via the Knoevenagel procedure using readily available P-chiral phoshinylacetic acid esters without loss of enantiomeric purity. The application of salicylaldehyde-based derivatives allowed the incorporation of substituents of different electron character into the backbone of these coumarins making them suitable for subsequent chemical modifications. As a result, we gained access to six achiral (2a–g) and a large number ((Sp)-4a–f, (Sp)-6a–e and (Rp)-8a) of new potential chiral ligand precursors, pharmaceuticals, etc. with an imbedded phosphinyl group with evidenced biological activity based on the natural coumarin backbone. The molecular structure, including absolute configuration, was determined for seven compounds.
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1. Introduction


Coumarins and their derivatives as natural compounds containing a 2H-1- benzopyran-2-one core structure are a class of compounds with great application potential. Since their first synthesis in 1868 by Perkin [1], they have been extensively employed in a variety of fields. The biologically active features of coumarins, both natural and synthetic, are noteworthy to scientists. They include antibacterial, anticancer, neuroprotective, and antioxidant properties [2,3,4,5,6,7,8]. Because of their structural diversity, coumarin–metal complexes are also intriguing molecules with established biological characteristics [9]. Coumarin complexes with platinum(IV) [10] or cobalt [11] are noteworthy due to their anticancer properties, while complexes with Co(II), Ni(II), Cu(II), and Zn(II) have antimicrobial potential [12].



Coumarins’ derivatives are also extremely valuable in the field of photochemistry. Their unique properties include strong photoactivity and the ability to dimerize under UV light. Because of this, such compounds are extensively used in the production of solar cells [13], optoelectronics [14], and photoreactive polymers [15]. The use of coumarins as fluorescent probes has been the subject of equally rapid scientific expansion in recent years. Coumarin fluorescent probes can be successfully used to detect metal ions and to detect and image small active molecules in cells [16,17,18].



Organophosphorus compounds are a significant class of therapeutic agents targeting a wider range of diseases. The majority of currently approved phosphorus-containing pharmaceuticals contain a phosphoramide or phosphonate group [19]. The use of phosphine oxides as biologically active compounds is still rare; nevertheless, there is a gradual appreciation of them by scientists. Recently, the anticancer drug brigatinib [20] with a dimethylphospine oxide moiety was approved by the Food and Drug Administration (FDA). Other examples include fosenazid [21], a neurodrug with potent serotonin and epinephrine inhibitory properties, and fosazepam [22], a water-soluble diazepam derivative with sedative and anti-anxiety effects. Two years ago, researchers demonstrated that incorporation of the POMe2 substituent into prazosin increased its solubility and reduced its lipophilicity while maintaining its full biological profile [23]. In human liver cells, they saw enhanced metabolic stability linked to a longer half-life of the chemical.



The phosphinyl group is a crucial component that has the ability to control biological characteristics. Finding efficient ways of incorporating this moiety into the coumarin skeleton could provide a variety of novel compounds for application in biological research.



Few effective synthesis techniques have been reported to date for the preparation of 3-phosphonated or 3-phosphinylated coumarins. It is important to note that the vast majority of papers that are presently available concentrate on phosphinylation of the coumarin backbone via C-H-bond activation reactions [24,25,26], through reaction with an active P-centered radical [27,28,29,30,31], and through electrochemical phosphinylation [32,33]. In addition, there are some other studies employing Knoevenagel condensation of phosphonoacetates with aromatic aldehydes [34,35,36] and Friedel–Crafts reaction of phenols with phosphinylacrylate [37,38].



More recently, we have found that diphenylphosphinoylacetic acid esters easily react with salicylaldehydes to make coumarin derivatives in the Knoevenagel condensation reaction. To this purpose, we modified the procedure for the synthesis of such compounds proposed by Robinson [34] and Bojilova [36]. The use of a mixture of pyrrolidine and acetic acid as a catalyst in the reaction of diphenylphosphinoylacetic acid esters with salicylaldehydes allowed us to improve the yield of the formed coumarins (Scheme 1).



In this article, we describe our recent efforts in the development of P-stereogenic coumarin derivatives. This is part of our research into the production of phosphinyl chromenones, in which we observe potent biologically active potential (paper in preparation). The synthesis of C-3-phosphorylated coumarins, including P-chiral ones, employing the Knoevenagel condensation reaction has not been described to date. The presented protocol for their synthesis can, therefore, make a valuable contribution to expanding the library of this class of compounds.




2. Materials and Methods


2.1. Instrumentation


2.1.1. General


All reactions were set up using standard Schlenk techniques and carried out under an argon atmosphere using anhydrous solvents, unless otherwise noted. Commercially available chemicals were obtained from Sigma-Aldrich and used as received. NMR spectra were recorded using a Bruker AV500 (1H 500 MHz, 31P 202 MHz, 13C NMR 126 MHz) spectrometer. All spectra were obtained in CDCl3 solutions, unless mentioned as otherwise, and the chemical shifts (δ) were expressed in ppm using internal reference to TMS and external reference to 85% H3PO4 in D2O for 31P. Coupling constants (J) were given in Hz. The abbreviations of signal patterns were as follows: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; b, broad. Elemental analyses were measured on a Perkin-Elmer CHN 2400 system. Optical rotations were measured on a Perkin-Elmer 341LC digital polarimeter. Melting points were determined on a Buchi 510 apparatus and are uncorrected. Thin-layer chromatography (TLC) was completed on silica gel (Kieselgel 60, F254 on aluminum sheets, Merck (Darmstadt, Germany)) using UV light (254 nm). All column chromatographic separations and purifications were conducted using Merck silica gel 60 (230–400 mesh).




2.1.2. X-ray Crystallography


The single-crystal-diffraction data for 2d, 2e, (SP)-4a, (SP)-4d, (SP)-5, (SP)-6d, and (SP)-6e (Table S1) were collected at room temperature with a SuperNova diffractometer (Oxford Diffraction; Agilent [39]) with the graphite monochromated CuKα radiation (λ = 1.54184 Å). The CrysAlisPro program system [40] was used for data collection, cell refinement, and data reduction. The intensities were corrected for Lorentz and polarization effects, and multi-scan absorption corrections were applied. The crystal structure was solved with direct methods using the SHELXT program and refined using the full-matrix least-squares method on F2 using the SHELXL-2018/3 program [41,42]. The non-hydrogen atoms were refined with anisotropic displacement parameters; H-atoms were positioned at calculated positions and refined using the riding model. The experimental details and final atomic parameters for the analyzed crystals were deposited with the Cambridge Crystallographic Data Centre as Supplementary Material (CCDC Nos 2311368–2311374).





2.2. Procedure for Synthesis of L-menthyl Diphenylphosphinylacetate (1)


L-Menthyl chloroacetate (8.75 g, 0.04 mol) was dissolved in anhydrous THF (30 mL). The resulting solution was added dropwise to diphenylphosphine oxide (8.8 g, 0.04 mol) suspended in anhydrous THF (100 mL), and then a 60% dispersion of NaH in oil (1.6 g, 0.04 mol) was added in portions under argon in a Schlenk flask. After addition, the reaction mixture was stirred at rt for 22 h, and then evaporated and CH2Cl2 (100 mL) was added. The organic phase was washed with H2O (2 × 50 mL), dried over anhydrous MgSO4, filtered, and evaporated. The resulting yellow oil was dissolved in warm CH2Cl2 and slowly cooled to afford 13.7 g crystalline precipitate 1 with an 86% yield. 1H NMR (500 MHz, CDCl3): δ 7.90–7.72 (m, 4H), 7.60–7.34 (m, 6H), 4.58 (td, J = 10.9, 4.4 Hz, 1H), 3.51 (dd, J = 14.8, 1.4 Hz, 2H), 1.74–1.53 (m, 4H), 1.35 (tdt, J = 11.9, 6.5, 2.9 Hz, 1H), 1.23 (tt, J = 12.0, 3.2 Hz, 1H), 1.01–0.88 (m, 1H), 0.81 (dd, J = 15.6, 6.8 Hz, 6H), 0.77–0.65 (m, 2H), 0.60 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 165.67 (d, J = 5.2 Hz), 132.23 (d, J = 2.7 Hz), 131.76 (d, J = 106.3 Hz), 131.18 (d, J = 9.9 Hz), 128.63 (d, J = 12.3 Hz), 75.83, 46.52, 40.29, 39.28 (d, J = 61.2 Hz), 34.02, 31.27, 25.70, 23.01, 21.90, 20.80, 15.92. 31P NMR (202 MHz, CDCl3): δ 26.69.



General Procedure for Synthesis of Coumarins 2a–g


L-Menthyl diphenylphosphinylacetate (1 mmol), 2-hydroxybenzaldehyde (1.5 mmol, 1.5 eqv.) and 0.4 g MS (4 Å, 4–8 mesh) together with pyrrolidine (30 mol%) and acetic acid (30 mol%) were dissolved in 15 mL of acetonitrile and refluxed for times ranging from 18 to 72 h. The reaction mixture was then allowed to cool and was treated with an aqueous saturated NaHCO3 solution (25 mL). The organic layer was collected, dried, and concentrated under vacuum, and purified using column chromatography, eluting with CHCl3/ethyl acetate (24:1, v/v).



3-(Diphenylphosphinyl)-2H-chromen-2-one (2a). The reaction of 1 (399 mg, 1 mmol), salicylaldehyde (0.156 mL, 1.5 mmol), with pyrrolidine (0.024 mL, 0.3 mmol) and acetic acid (0.017 mL, 0.3 mmol) for 20 h produced a white solid of 2a (306 mg, 77%). Rf = 0.4 (CHCl3/ethyl acetate 24:1). Mp. 203–205 °C. lit., ref. [30] 202.1–204.7 °C. 1H NMR (500 MHz, CDCl3): δ 8.93 (d, J = 14.0 Hz, 1H), 7.95–7.88 (m, 4H), 7.69 (dd, J = 8.0, 1.6 Hz, 1H), 7.64 (ddd, J = 8.7, 7.5, 1.6 Hz, 1H), 7.61–7.55 (m, 2H), 7.54–7.46 (m, 4H), 7.40–7.30 (m, 2H). 13C NMR (126 MHz, CDCl3): δ 159.12 (d, J = 13.6 Hz), 155.40, 153.99 (d, J = 4.8 Hz), 134.14, 132.47 (d, J = 2.8 Hz), 132.07 (d, J = 10.6 Hz), 130.54 (d, J = 110.4 Hz), 129.47, 128.52 (d, J = 13.0 Hz), 125.00, 121.64 (d, J = 102.1 Hz), 118.53 (d, J = 10.4 Hz), 116.81. 31P NMR (202 MHz, CDCl3): δ 23.35. Anal. Calcd. for C21H15O3P C, 72.83; H, 4.37; Found C, 72.54; H, 4.51.



6-(Bromo)-3-(diphenylphosphinyl)-2H-chromen-2-one (2b). The reaction of 1 (399 mg, 1 mmol), 5-bromo-2-hydroxybenzaldehyde (302 mg, 1.5 mmol), with pyrrolidine (0.024 mL, 0.3 mmol) and acetic acid (0.017 mL, 0.3 mmol) for 18 h produced a yellow solid of 2b (366 mg, 86%). Rf = 0.42 (CHCl3/ethyl acetate 24:1). Mp. Decomposition at 256 °C. 1H NMR (500 MHz, CDCl3): δ 8.83 (d, J = 13.9 Hz, 1H), 7.94-7.89 (m, 4H), 7.80 (d, J = 2.2 Hz, 1H), 7.73 (dd, J = 11.0 and 8.8 Hz, 1H), 7.62–7.59 (m, 2H), 7.53–7.49 (m, 4H), 7.25 (d, J = 8.8 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 158.5 (d, J = 12.7 Hz), 154.2, 152.5 (d, J = 5.5 Hz), 136.8, 132.6 (d, J = 3.6 Hz), 132.1 (d, J = 10.9 Hz), 131.5, 130.1 (d, J = 110.8 Hz), 128.6 (d, J = 12.7 Hz), 123.3 (d, J = 99.9 Hz), 119.9 (d, J = 10.9 Hz), 118.5, 117.5. 31P NMR (202 MHz, CDCl3): δ 22.89 ppm. Anal. Calcd. for C21H14BrO3P C, 59.32; H, 3.32; Found C, 59.47; H, 3.21.



6,8-(Dibromo)-3-(diphenylphosphinyl)-2H-chromen-2-one (2c). The reaction of 1 (399 mg, 1 mmol), 3,5-dibromo-2-hydroxybenzaldehyde (420 mg, 1.5 mmol), with pyrrolidine (0.024 mL, 0.3 mmol) and acetic acid (0.017 mL, 0.3 mmol) for 18 h produced a yellow solid of 2c (408 mg, 81%). Rf = 0.44 (CHCl3/ethyl acetate 24:1). Mp. decomposition at 250 °C. 1H NMR (500 MHz, CDCl3): δ 8.83 (d, J = 13.6 Hz, 1H), 7.99 (d, J = 2.2 Hz, 1H), 7.93–7.89 (m, 4H), 7.77 (d, J = 2.2 Hz, 1H), 7.63-7.59 (m, 2H), 7.53-7.49 (m, 4H). 13C NMR (126 MHz, CDCl3): δ 157.6 (d, J = 12.7 Hz), 152.2 (d, J = 5.5 Hz), 151.2, 139.3, 132.7 (d, J = 2.7 Hz), 132.1 (d, J = 10.9 Hz), 130.7, 130.0 (d, J = 110.8 Hz), 128.6 (d, J = 12.7 Hz), 124.4 (d, J = 98.1 Hz), 120.7 (d, J = 10.9 Hz), 117.5, 111.4. 31P NMR (202 MHz, CDCl3): δ 22.59 ppm. Anal. Calcd. for C21H13Br2O3P C, 50.03; H, 2.60; Found C, 50.27; H, 2.54.



3-(Diphenylphosphinyl)-7-methoxy-2H-chromen-2-one (2d). The reaction of 1 (399 mg, 1 mmol), 4-methoxy-2-hydroxybenzaldehyde (342 mg, 1.5 mmol), with pyrrolidine (0.024 mL, 0.3 mmol) and acetic acid (0.017 mL, 0.3 mmol) for 48 h produced a yellow solid of 2d (210 mg, 56%). Rf = 0.39 (CHCl3/ethyl acetate 24:1). Mp 178-179 °C. Lit. [43] Mp 172.4–174.1 °C. 1H NMR (500 MHz, CDCl3): δ 8.85 (d, J = 14.2 Hz, 1H), 7.95–7.90 (m, 4H), 7.59–7.56 (m, 3H), 7.51–7.48 (m, 4H), 6.93 (dd, J = 8.8 and 2.5 Hz, 1H), 6.83 (d, J = 2.5 Hz, 1H) 3.91 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 164.8, 159.5 (d, J = 13.6 Hz), 157.7, 153.7 (d, J = 5.5 Hz), 132.3 (d, J = 2.7 Hz), 132.0 (d, J = 10.0 Hz), 131.0 (d, J = 109.9 Hz), 130.6, 128.4 (d, J = 12.7 Hz), 116.9 (d, J = 105.4 Hz), 113.4, 112.5 (d, J = 10.0 Hz), 100.6. 31P NMR (202 MHz, CDCl3): δ 23.53 ppm. Anal. Calcd. for C22H17O4P C, 70.21; H, 4.55; Found C, 70.01; H, 4.70. Crystal data for 2d: C22H16O4P, Mw = 375.32, crystal system monoclinic, space group P21/c, unit cell dimensions: a = 8.6334(4) Å, b = 16.2698(7) Å, c = 13.4284(6) Å, β = 101.916(5)°, V = 845.56(15) Å3, Z = 4, Density (calc) 1.351 g/cm3, absorption coeff. 1.535 mm−1, F(000) = 780. Collected/independent reflections 13,141/3805 [R(int) = 0.0516], data/parameters 3805/244. Goodness-of-fit on F2 1.032, final R indices [I > 2σ(I)] R1 = 0.0435, wR2 = 0.1113. CCDC No 2311368.



3-(Diphenylphosphinyl)-8-methoxy-2H-chromen-2-one (2e). The reaction of 1 (399 mg, 1 mmol), 3-methoxy-2-hydroxybenzaldehyde (342 mg, 1.5 mmol), with pyrrolidine (0.024 mL, 0.3 mmol) and acetic acid (0.017 mL, 0.3 mmol) for 18 h produced a yellow solid of 2e (331 mg, 88%). Rf = 0.40 (CHCl3/ethyl acetate 24:1). Mp 210–211 °C. 1H NMR (500 MHz, CDCl3): δ 8.90 (d, J = 14.2 Hz, 1H), 7.94–7.90 (m, 4H), 7.60–7.56 (m, 2H), 7.51–7.47 (m, 4H), 7.30–7.25 (m, 2H), 7.18 (dd, J = 7.6 and 1.9 Hz, 1H), 3.96 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 158.6 (d, J = 13.6 Hz), 154.2 (d, J = 4.5 Hz), 147.2, 145.1 (d, J = 1.8 Hz), 132.4 (d, J = 3.1 Hz), 132.1 (d, J = 11.7 Hz), 130.5 (d, J = 109.9 Hz), 128.5 (d, J = 12.7 Hz), 124.8, 121.8 (d, J = 101.7 Hz), 120.7, 119.1 (d, J = 11.8 Hz), 115.8, 56.4. 31P NMR (202 MHz, CDCl3): δ 23.40 ppm. Anal. Calcd. for C22H17O4P C, 70.21; H, 4.55; Found C, 70.11; H, 4.68. Crystal data for 2e: C22H17O4P, Mw = 376.32, crystal system triclinic, space group P1bar, unit cell dimensions: a = 9.0420(8) Å, b = 9.3558(8) Å, c = 12.4689(7) Å, α = 88.332(6)°, β = 77.755(6)°, γ = 62.401(9)°, V = 910.60(14) Å3, Z = 2, Density (calc) 1.373 g/cm3, absorption coeff. 1.556 mm−1, extinction coeff. 0.0036(6), F(000) = 392. Collected/independent reflections 6271/3675 [R(int) = 0.0365], data/parameters 3675/245. Goodness-of-fit on F2 1.047, final R indices [I > 2σ(I)] R1 = 0.0467, wR2 = 0.1197. CCDC No 2311369.



3-(Diphenylphosphinyl)-6-nitro-2H-chromen-2-one (2f). The reaction of 1 (399 mg, 1 mmol), 5-nitro-2-hydroxybenzaldehyde (376 mg, 1.5 mmol), with pyrrolidine (0.024 mL, 0.3 mmol) and acetic acid (0.017 mL, 0.3 mmol) for 20 h produced a yellow solid of 2f (294 mg, 75%). Rf = 0.35 (CHCl3/ethyl acetate 24:1). Mp. decomposition at 295 °C. 1H NMR (500 MHz, CDCl3): δ 9.01 (d, J = 13.9 Hz, 1H), 8.61 (d, J = 2.8 Hz, 1H), 8.50 (dd, J = 8.8 and 2.8 Hz, 1H), 7.94–7.90 (m, 4H), 7.64–7.60 (m, 2H), 7.55–7.50 (m, 5H). 13C NMR (126 MHz, CDCl3): δ 158.5, 157.7 (d, J = 12.7 Hz), 152.5 (d, J = 5.5 Hz), 144.3, 132.8 (d, J = 2.7 Hz), 132.0 (d, J = 10.0 Hz), 130.60 (d, J = 110.8 Hz), 128.7 (d, J = 12.7 Hz), 125.1, 125.0 (d, J = 98.1 Hz), 118.4 (d, J = 10.0 Hz), 118.1. 31P NMR (202 MHz, CDCl3): δ 22.40 ppm. Anal. Calcd. for C21H14O5PN C, 64.46; H, 3.61, N, 3.58; Found C, 64.66; H, 3.51; N, 3.78.



3-(Diphenylphosphinyl)-2H-benzo[h]chromen-2-one (2g). The reaction of 1 (399 mg, 1 mmol), 2-hydroxy-1-naphthaldehyde (258 mg, 1.5 mmol), with pyrrolidine (0.024 mL, 0.3 mmol) and acetic acid (0.017 mL, 0.3 mmol) for 72 h produced a white solid of 2g (131 mg, 34%). Rf = 0.52 (CHCl3/ethyl acetate 24:1). Mp. decomposition at 251 °C. 1H NMR (500 MHz, CDCl3): δ 9.70 (d, J = 14.2 Hz, 1H), 8.50 (d, J = 8.5 Hz, 1H), 8.09 (d, J = 9.1 Hz, 1H), 8.01–7.97 (m, 4H), 7.92 (d, J = 7.8 Hz, 1H), 7.76–7.73 (m, 1H), 7.63–7.57 (m, 3H), 7.54–7.50 (m, 4H), 7.47 (d, J = 9.1 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 159.4, 156.0, 149.5 (d, J = 5.5 Hz), 135.9, 132.5 (d, J = 2.7 Hz), 132.1 (d, J = 10.9 Hz), 130.7 (d, J = 110.8 Hz), 130.2, 129.3, 129.1 (d, J = 15.4 Hz), 128.5 (d, J = 12.7 Hz), 126.6, 122.0, 119.6 (d, J = 103.5 Hz), 116.5, 113.1 (d, J = 10.0 Hz). 31P NMR (202 MHz, CDCl3): δ 23.70 ppm. Anal. Calcd. for C25H17O3P C, 75.75; H, 4.32; Found C, 75.52; H, 4.48.





2.3. Procedure for Synthesis of (SP)-L-Menthyl (2-methoxyphenyl)phenylphosphinylacetate ((SP)-3)


The synthesis was carried out on the basis of a known procedure in the literature, ref. [44] obtaining 13.16 g (40% yield) of the diastereomerically pure (>99% de by NMR) compound (SP)-3 from 17,42 g (0.075 mol) of (2-methoxyphenyl)phenylphosphine oxide. White crystals; Mp. 98–100 °C, [α]D20 –36.81 (c 1.04, CHCl3). 1H NMR (500 MHz, CDCl3): δ 7.90–7.72 (m, 4H), 7.60–7.34 (m, 6H), 4.58 (td, J = 10.9, 4.4 Hz, 1H), 3.51 (dd, J = 14.8, 1.4 Hz, 2H), 1.74–1.53 (m, 4H), 1.35 (tdt, J = 11.9, 6.5, 2.9 Hz, 1H), 1.23 (tt, J = 12.0, 3.2 Hz, 1H), 1.01–0.88 (m, 1H), 0.82 (d, J = 6.5 Hz, 3H), 0.79 (d, J = 7.0 Hz, 3H), 0.77–0.65 (m, 2H), 0.60 (d, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 166.04 (d, J = 6.8 Hz), 159.80 (d, J = 4.2 Hz), 134.57 (d, J = 5.9 Hz), 134.25 (d, J = 2.2 Hz), 133.14 (d, J = 106.5 Hz), 131.72 (d, J = 3.0 Hz), 130.77 (d, J = 10.3 Hz), 128.25 (d, J = 12.5 Hz), 121.17 (d, J = 11.5 Hz), 119.70 (d, J = 102.8 Hz), 110.74 (d, J = 6.9 Hz), 75.39, 55.38, 46.57, 40.29, 38.64 (d, J = 62.9 Hz), 34.09, 31.26, 25.68, 23.03, 21.93, 20.85, 15.96. 31P NMR (202 MHz, CDCl3): δ 24.97.



General Procedure for Synthesis of Coumarins (Sp)-4a–e


(SP)-L-Menthyl (2-methoxyphenyl)phenylphosphinylacetate ((SP)-3) (0.75 mmol), 2-hydroxybenzaldehyde (1.13 mmol, 1.5 eqv.) and 0.2 g MS (4 Å, 4–8 mesh), together with of pyrrolidine (30 mol%) and acetic acid (30 mol%) were dissolved in 10 mL of toluene and refluxed for times ranging from 24 to 48 h. The reaction mixture was then allowed to cool and was treated with an aqueous saturated NaHCO3 solution (25 mL). The organic layer was collected, dried, and concentrated under vacuum and purified using column chromatography, eluting with CH2Cl2/diethyl ether (19:1, v/v).



3-(SP)-(2-Methoxyphenyl)phenylphosphinyl)-2H-chromen-2-one ((SP)-(4a). The reaction of 3 (321 mg, 0.75 mmol), salicylaldehyde (0.118 mL, 1.13 mmol), with pyrrolidine (0.018 mL, 0.23 mmol) and acetic acid (0.013 mL, 0.23 mmol) for 24 h produced a white solid of (SP)-4a (204 mg, 80%). Rf = 0.55 (CHCl3/ethyl acetate 24:1). [α]D20 +58.24 (c 1.08, CHCl3). 1H NMR (500 MHz, CDCl3): δ 8.73 (d, J = 14.6 Hz, 1H), 8.10–8.04 (m, 2H), 7.66 (dd, J = 7.7, 1.6 Hz, 1H), 7.60 (ddd, J = 8.7, 7.3, 1.5 Hz, 1H), 7.58–7.51 (m, 2H), 7.48 (ddd, J = 8.6, 6.8, 3.1 Hz, 2H), 7.38 (ddd, J = 15.3, 7.6, 1.7 Hz, 1H), 7.35–7.30 (m, 2H), 7.00 (tdd, J = 7.6, 2.4, 0.9 Hz, 1H), 6.95 (dd, J = 8.3, 5.5 Hz, 1H), 3.65 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 161.62 (d, J = 2.3 Hz), 159.15 (d, J = 13.4 Hz), 155.02, 151.65 (d, J = 5.4 Hz), 134.55 (d, J = 2.1 Hz), 133.97 (d, J = 10.0 Hz), 133.57, 132.10 (d, J = 10.5 Hz), 130.63 (d, J = 112.1 Hz), 129.33, 128.30 (d, J = 13.0 Hz), 124.82, 123.56 (d, J = 107.3 Hz), 120.85 (d, J = 13.3 Hz), 119.25 (d, J = 112.9 Hz), 118.73 (d, J = 11.0 Hz), 116.68, 111.47 (d, J = 6.6 Hz), 55.72. 31P NMR (202 MHz, CDCl3): δ 21.25. Anal. Calcd. for C22H17O4P C, 70.21; H, 4.55; Found C, 70.10; H, 4.73. Crystal data for (SP)-4a: C22H17O4P, Mw = 376.32, crystal system orthorhombic, space group P212121, unit cell dimensions: a = 9.0321(1) Å, b = 13.4636(1) Å, c = 14.8349(2) Å, V = 1803.99(3) Å3, Z = 4, Density (calc) 1.386 g/cm3, absorption coeff. 1.571 mm−1, F(000) = 784. Reflections collected/independent 13,117/3719 [R(int) = 0.0240], data/parameters 3719/244. Goodness-of-fit on F2 1.056, final R indices [I > 2σ(I)] R1 = 0.0270, wR2 = 0.0720, absolute structure parameter 0.004(9). CCDC No 2311370.



6-(Bromo)-3-(SP)-(2-methoxyphenyl)phenylphosphinyl)-2H-chromen-2-one ((SP)-4b). The reaction of (SP)-3 (321 mg, 0.75 mmol), 5-bromo-2-hydroxybenzaldehyde (227 mg, 1.13 mmol), with pyrrolidine (0.018 mL, 0.23 mmol) and acetic acid (0.013 mL, 0.23 mmol) for 24 h produced a white solid of (SP)-4b (265 mg, 87%). Rf = 0.52 (CHCl3/ethyl acetate 24:1). [α]D20 +24.53 (c 1.06, CHCl3). 1H NMR (500 MHz, CDCl3): δ 8.60 (d, J = 14.5 Hz, 1H), 8.09–8.02 (m, 2H), 7.76 (d, J = 2.3 Hz, 1H), 7.68 (dd, J = 8.8, 2.4 Hz, 1H), 7.60–7.52 (m, 2H), 7.51–7.46 (m, 2H), 7.39 (ddd, J = 15.3, 7.6, 1.7 Hz, 1H), 7.24 (d, J = 8.8 Hz, 1H), 7.01 (tdd, J = 7.6, 2.5, 0.9 Hz, 1H), 6.95 (ddd, J = 8.4, 5.6, 0.8 Hz, 1H), 3.66 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 161.49 (d, J = 2.3 Hz), 158.51 (d, J = 12.9 Hz), 153.79, 149.94 (d, J = 5.6 Hz), 136.18, 134.67 (d, J = 2.1 Hz), 133.94 (d, J = 10.0 Hz), 132.30 (d, J = 2.9 Hz), 132.13 (d, J = 10.3 Hz), 131.32, 130.26 (d, J = 112.3 Hz), 128.38 (d, J = 12.9 Hz), 125.38 (d, J = 105.3 Hz), 120.94 (d, J = 13.4 Hz), 120.17 (d, J = 11.0 Hz), 119.05 (d, J = 113.2 Hz), 118.45, 117.35, 111.46 (d, J = 6.7 Hz), 55.72. 31P NMR (202 MHz, CDCl3): δ 20.72. Anal. Calcd. for C22H16O4PBr C, 58.04; H, 3.54; Found C, 58.21; H, 3.42.



6,8-(Dibromo)-3-(SP)-(2-methoxyphenyl)phenylphosphinyl)-2H-chromen-2-one ((SP)-4c). The reaction of (SP)-3 (321 mg, 0.75 mmol), 3,5-dibromo-2-hydroxybenzaldehyde (316 mg, 1.13 mmol), with pyrrolidine (0.018 mL, 0.23 mmol) and acetic acid (0.013 mL, 0.23 mmol) for 24 h produced a white solid of (SP)-4c (230 mg, 75%). Rf = 0.5 (CHCl3/ethyl acetate 24:1) [α]D20 +59.46 (c 1.1, CHCl3). 1H NMR (500 MHz, CDCl3): δ 8.65 (d, J = 14.3 Hz, 1H), 8.05 (ddd, J = 12.7, 8.3, 1.4 Hz, 2H), 7.94 (d, J = 2.1 Hz, 1H), 7.75 (d, J = 2.2 Hz, 1H), 7.63–7.53 (m, 2H), 7.50 (ddd, J = 8.7, 7.0, 3.2 Hz, 2H), 7.36 (ddd, J = 15.4, 7.6, 1.7 Hz, 1H), 7.02 (tdd, J = 7.5, 2.5, 0.9 Hz, 1H), 6.98–6.93 (m, 1H), 3.68 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 161.62, 157.62 (d, J = 13.6 Hz), 150.82, 149.83 (d, J = 5.6 Hz), 138.76, 134.84 (d, J = 2.2 Hz), 133.93 (d, J = 10.3 Hz), 132.46 (d, J = 2.9 Hz), 132.17 (d, J = 10.3 Hz), 130.65, 129.77 (d, J = 112.7 Hz), 128.45 (d, J = 12.8 Hz), 126.20 (d, J = 104.0 Hz), 120.94 (d, J = 13.6 Hz), 118.64 (d, J = 113.6 Hz), 117.31, 111.51 (d, J = 6.5 Hz), 111.21, 55.81. 31P NMR (202 MHz, CDCl3): δ 20.73. Anal. Calcd. for C22H15O4PBr2 C, 49.47; H, 2.83; Found C, 49.59; H, 2.80.



3-(SP)-(2-Methoxyphenyl)phenylphosphinyl)-7-methoxy-2H-chromen-2-one ((SP)-4d). The reaction of (SP)-3 (321 mg, 0.75 mmol), 4-methoxy-2-hydroxybenzaldehyde (258 mg, 1.13 mmol), with pyrrolidine (0.018 mL, 0.23 mmol) and acetic acid (0.013 mL, 0.23 mmol) for 24 h produced a white solid of (SP)-4d (106 mg, 39%). Rf = 0.40 (CHCl3/ethyl acetate 24:1). [α]D20 +66.54 (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3): δ 8.56 (d, J = 14.5 Hz, 1H), 8.02–7.92 (m, 2H), 7.50–7.42 (m, 3H), 7.39 (td, J = 7.6, 3.1 Hz, 2H), 7.30 (ddd, J = 15.2, 7.6, 1.7 Hz, 1H), 6.92 (td, J = 7.5, 2.3 Hz, 1H), 6.86 (dd, J = 8.4, 5.5 Hz, 1H), 6.81 (dd, J = 8.7, 2.4 Hz, 1H), 6.74 (d, J = 2.3 Hz, 1H), 3.81 (s, 3H), 3.57 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 164.39, 161.66 (d, J = 2.3 Hz), 159.47 (d, J = 13.7 Hz), 157.24, 151.77 (d, J = 5.4 Hz), 134.43 (d, J = 2.2 Hz), 134.06 (d, J = 9.9 Hz), 131.99 (d, J = 10.4 Hz), 131.15 (d, J = 112.5 Hz), 130.44, 128.20 (d, J = 12.9 Hz), 120.79 (d, J = 13.2 Hz), 119.05 (d, J = 202.7 Hz), 119.04 (d, J = 19.3 Hz), 113.16, 112.60 (d, J = 10.9 Hz), 111.48 (d, J = 6.6 Hz), 55.96, 55.70. 31P NMR (202 MHz, CDCl3): δ 21.72. Anal. Calcd. for C23H19O5P C, 67.98; H, 4.71; Found C, 67.80; H, 4.81. Crystal data for (SP)-4d ethanol solvate: unit cell C94H82O21P4 [molecular contents: 4 × (C23H19O5P) + C2H6O], Mw = 1671.47 [4 × 406.37 + 46.07], crystal system monoclinic, space group P 21, unit cell dimensions: a = 16.3846(2) Å, b = 14.8761(2) Å, c = 17.0878(2) Å, β = 99.492(4)°, V = 4107.94(10) Å3, Z = 8, Z′ = 4. Density (calc) 1.351 g/cm3, absorption coeff. 1.480 mm−1, F(000) = 1748. Reflections collected/independent 32,156/15,333 [R(int) = 0.0246], data/restraints/parameters 15,333/4/1072. Goodness-of-fit on F2 1.017, final R indices [I > 2σ(I)] R1 = 0.0372, wR2 = 0.1001, absolute structure parameter 0.029(8). CCDC No 2311371.



3-(SP)-(2-Methoxyphenyl)phenylphosphinyl)-8-methoxy-2H-chromen-2-one ((SP)-4e). The reaction of (SP)-3 (321 mg, 0.75 mmol), 3-methoxy-2-hydroxybenzaldehyde (258 mg, 1.13 mmol), with pyrrolidine (0.018 mL, 0.23 mmol) and acetic acid (0.013 mL, 0.23 mmol) for 24 h produced a white solid of (SP)-4e (232 mg, 85%). Rf = 0.39 (CHCl3/ethyl acetate 24:1). [α]D20 +95.88 (c 1.02, CHCl3). 1H NMR (500 MHz, CDCl3): δ 8.63 (d, J = 14.6 Hz, 1H), 8.03–7.91 (m, 2H), 7.50–7.41 (m, 2H), 7.38 (td, J = 7.6, 3.0 Hz, 2H), 7.26 (ddd, J = 15.3, 7.6, 1.6 Hz, 1H), 7.18–7.12 (m, 2H), 7.06 (dd, J = 7.4, 2.0 Hz, 1H), 6.90 (td, J = 7.5, 2.4 Hz, 1H), 6.85 (dd, J = 8.4, 5.5 Hz, 1H), 3.87 (s, 3H), 3.57 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 161.63, 158.62, 158.51, 151.70, 147.04, 144.66, 134.49, 133.98, 132.07 (d, J = 9.9 Hz), 130.75 (d, J = 112.8 Hz), 128.25 (d, J = 13.0 Hz), 124.62, 123.92 (d, J = 106.9 Hz), 120.79 (d, J = 13.4 Hz), 120.44, 119.55 (d, J = 56.1 Hz), 119.06 (d, J = 48.2 Hz), 115.16, 111.41 (d, J = 6.5 Hz), 56.30, 55.72. 31P NMR (202 MHz, CDCl3): δ 20.9. Anal. Calcd. for C23H19O5P C, 67.98; H, 4.71; Found C, 67.70; H, 4.86.



3-(SP)-(2-Methoxyphenyl)phenylphosphinyl)-6-nitro-2H-chromen-2-one ((SP)-4f). The reaction of (SP)-3 (321 mg, 0.75 mmol), 5-nitro-2-hydroxybenzaldehyde (283 mg, 1.13 mmol), with pyrrolidine (0.018 mL, 0.23 mmol) and acetic acid (0.013 mL, 0.23 mmol) for 24 h produced a white solid of (SP)-4f (213 mg, 76%). Rf = 0.35 (CHCl3/ethyl acetate 24:1). [α]D20 +18.20 (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3): δ 8.76 (d, J = 14.4 Hz, 1H), 8.57 (d, J = 2.6 Hz, 1H), 8.45 (dd, J = 9.1, 2.7 Hz, 1H), 8.05 (ddd, J = 12.7, 8.4, 1.3 Hz, 2H), 7.64–7.54 (m, 2H), 7.55–7.48 (m, 3H), 7.41 (ddd, J = 15.4, 7.6, 1.7 Hz, 1H), 7.03 (tdd, J = 7.4, 2.5, 0.9 Hz, 1H), 6.97 (ddd, J = 8.5, 5.7, 0.9 Hz, 1H), 3.68 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 161.44 (d, J = 2.3 Hz), 158.20, 157.68 (d, J = 12.9 Hz), 149.83 (d, J = 5.7 Hz), 144.21, 134.94 (d, J = 2.2 Hz), 133.95 (d, J = 10.0 Hz), 132.57 (d, J = 2.9 Hz), 129.63 (d, J = 112.7 Hz), 128.53 (d, J = 12.9 Hz), 127.91, 126.81 (d, J = 103.8 Hz), 124.99, 121.08 (d, J = 13.6 Hz), 118.68 (d, J = 11.3 Hz), 118.51 (d, J = 113.8 Hz), 117.95, 111.51 (d, J = 6.7 Hz), 55.76. 31P NMR (202 MHz, CDCl3): δ 20.63. Anal. Calcd. for C22H16O6PN C, 62.71; H, 3.83, N, 3.32; Found C, 62.66; H, 3.81; N, 3.58





2.4. Procedure for Synthesis of (SP)-L-menthyl phenylvinylphosphinylacetate ((SP)-5)


The synthesis was carried out on the basis of a known procedure in the literature, ref. [45] obtaining 25.0 g (32% yield) of the diastereomerically pure (>99% de by NMR) (SP)-5. White crystals; Mp. 150–151 °C, [α]D20 –62.3 (c 1.00, CHCl3). 1H NMR (500 MHz, CDCl3): δ 7.84–7.70 (m, 2H), 7.60–7.52 (m, 1H), 7.49 (tdd, J = 7.1, 3.1, 1.7 Hz, 2H), 6.69 (ddd, J = 28.2, 18.7, 12.6 Hz, 1H), 6.43 (ddd, J = 22.8, 18.7, 1.6 Hz, 1H), 6.33 (ddd, J = 42.1, 12.6, 1.6 Hz, 1H), 4.61 (td, J = 10.9, 4.4 Hz, 1H), 3.25 (d, J = 15.8 Hz, 2H), 2.00–1.79 (m, 1H), 1.63 (ddq, J = 13.9, 9.8, 3.2 Hz, 3H), 1.41 (dddd, J = 12.0, 8.6, 6.5, 3.3 Hz, 1H), 1.28 (ddt, J = 14.5, 10.8, 3.1 Hz, 1H), 1.03–0.89 (m, 2H), 0.87 (d, J = 6.5 Hz, 3H), 0.85–0.81 (m, 1H), 0.79 (d, J = 7.0 Hz, 3H), 0.60 (d, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 165.79 (d, J = 4.4 Hz), 135.50, 132.31 (d, J = 2.9 Hz), 131.13 (d, J = 108.4 Hz), 130.66 (d, J = 10.0 Hz), 129.81 (d, J = 97.5 Hz), 128.71 (d, J = 12.5 Hz), 75.83, 46.58, 40.56, 39.41 (d, J = 62.7 Hz), 34.03, 31.34, 25.78, 23.08, 21.94, 20.74, 15.99. 31P NMR (202 MHz, CDCl3): δ 22.22. Crystal data for (SP)-5: C20H29O3P, Mw = 348.40, crystal system monoclinic, space group P21, unit cell dimensions: a = 9.2836(3) Å, b = 9.8728(3) Å, c = 10.9586(3) Å, β = 95.256(2)°, V = 1000.19(5) Å3, Z = 2, Density (calc) 1.157 g/cm3, absorption coeff. 1.322 mm−1, F(000) = 376. Reflections collected/independent 6730/3592 [R(int) = 0.0238], data/restraints/parameters 3592/1/217. Goodness-of-fit on F2 1.030, final R indices [I > 2σ(I)] R1 = 0.0343, wR2 = 0.0894, absolute structure parameter 0.017(15). CCDC No 2311372.



General Procedure for Synthesis of Coumarins (SP)-6a–e


(SP)-L-Menthyl 2-(phenyl(vinyl)phosphinyl)acetate ((SP)-5) (1.43 mmol), 2-hydroxyaldehyde (2.15 mmol, 1.5 eqv.) and 0.2 g MS (4 Å, 4–8 mesh), together with of pyrrolidine (30 mol%) and acetic acid (30 mol%) were dissolved in 10 mL of toluene and refluxed for times ranging from 24 to 48 h. The reaction mixture was then allowed to cool and was treated with an aqueous saturated NaHCO3 solution (25 mL). The organic layer was collected, dried, concentrated under a vacuum, and purified using column chromatography, eluting with hexane/propanol (15:1, v/v).



3-(SP)-(Phenyl(vinyl)phosphinyl)-2H-chromen-2-one ((SP)-6a). The reaction of (SP)-5 (500 mg, 1.43 mmol), salicylaldehyde (0,178 mL, 2.14 mmol), with pyrrolidine (0.035 mL, 0.43 mmol) and acetic acid (0.024 mL, 0.43 mmol) for 48 h produced a white solid of (SP)-6a (250 mg, 59%). Rf = 0.45 (hexane/propanol 5:1). [α]D20 +32.0 (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3): δ 8.77 (d, J = 8.7 Hz, 1H), 7.96–7.92 (m, 2H), 7.69–7.64 (m, 2H), 7.58–7.48 (m, 3H), 7.39–7.36 (m, 2H), 7.16 (ddd, J = 29.2, 18.8, 12.7 Hz, 1H), 6.60 (ddd, J = 23.4, 18.9, 1.5 Hz, 1H), 6.42 (ddd, J = 43.1, 14.9, 1.5 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 159.26 (d, J = 14.5 Hz), 159.17, 152.14 (d, J = 4.5 Hz), 135.96, 133.99, 132.34 (d, J = 3.6 Hz), 131.58 (d, J = 28.6 Hz), 131.03, 130.99 (d, J = 9.9 Hz), 129.36, 129.12, 128.58 (d, J = 13.6 Hz), 128.32, 125.05, 122.43 (d, J = 103.5 Hz), 118.48 (d, J = 9.9 Hz), 116.87. 31P NMR (202 MHz, CDCl3): δ 17.27. Anal. Calcd. for C17H13O3P C, 68.92; H, 4.42; Found C, 68.70; H, 4.56.



6-(Bromo)-3-(SP)-(phenyl(vinyl)phosphinyl)-2H-chromen-2-one ((SP)-6b). The reaction of (SP)-5 (500 mg, 1.43 mmol), 5-bromo-2-hydroxybenzaldehyde (430 mg, 2.14 mmol), with pyrrolidine (0.035 mL, 0.43 mmol) and acetic acid (0.024 mL, 0.43 mmol) for 48 h produced a white solid of (SP)-6b (334 mg, 62%). Rf = 0.50 (hexane/propanol 5:1). [α]D20 +28.0 (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3): δ 8.68 (d, J = 13.5 Hz, 1H), 7.94–7.89 (m, 2H), 7.78 (d, J = 2.2 Hz, 1H), 7.72 (dd, J = 8.3, 2.5, Hz, 1H), 7.57– 7.47 (m, 3H), 7.58–7.48 (m, 3H), 7.25 (d, J = 8.3 1H), 7.12 (ddd, J = 29.3, 18.6, 12.6 Hz, 1H), 6.62 (ddd, J = 23.3, 18.6, 1.6 Hz, 1H), 6.44 (ddd, J = 43.1, 14.9, 1.6 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 158.75 (d, J = 13.5 Hz), 153.96, 150.67 (d, J = 4.5 Hz), 136.38 (d, J = 36.3 Hz), 132.47, 131.46 (d, J = 127.16 Hz), 131,41, 131.02 (d, J = 9.9 Hz), 130.60, 128.87 (d, J = 102.6 Hz), 124.19 (d, J = 100.8 Hz), 119.90 (d, J = 10.9 Hz), 118.57, 117.61. 31P NMR (202 MHz, CDCl3): δ 16.96. Anal. Calcd. for C17H12O3PBr C, 54.43; H, 3.22; Found C, 54.60; H, 3.28.



3-(SP)-(Phenyl(vinyl)phosphinyl)-7-methoxy-2H-chromen-2-one ((SP)-6c). The reaction of (SP)-5 (500 mg, 1.43 mmol), 4-methoxy-2-hydroxybenzaldehyde (326 mg, 2.14 mmol), with pyrrolidine (0.035 mL, 0.43 mmol) and acetic acid (0.024 mL, 0.43 mmol) for 48 h produced a white solid of (SP)-6c (1187 mg, 40%). Rf = 0.51 (hexane/propanol 5:1). [α]D20 +26.8 (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3): δ 8.67 (d, J = 13.5 Hz, 1H), 7.94–7.89 (m, 2H), 7.56–7.45 (m, 4H), 7.05 (ddd, J = 28.7, 18.6, 1.6 Hz, 1H), 6.92 (dd, J = 8.8, 2.5 Hz, 1H), 6.83 (d, J = 2.2 Hz, 1H), 6.62 (ddd, J = 23.3, 18.6, 12.6 Hz, 1H), 6.32 (ddd, J = 42.8, 12.9, 1.9 Hz, 1H), 3.90 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 164.68, 159.71, 157.41, 153.96, 151.98 (d, J = 4.5 Hz), 135.36, 132.16 (d, J = 2.7 Hz), 131.43 (d, J = 110.8 Hz), 130.91 (d, J = 9.9 Hz), 130.46, 128.77 (d, J = 101.7 Hz), 128.63, 128.52, 116.77 (d, J = 106.2 Hz), 113.43, 112. 38, 100.64, 56.00. 31P NMR (202 MHz, CDCl3): δ 17.64. Anal. Calcd. for C18H15O4P C, 66.24; H, 4.63; Found C, 66.42; H, 4.73.



3-(SP)-(Phenyl(vinyl)phosphinyl)-8-methoxy-2H-chromen-2-one ((SP)-6d). The reaction of (SP)-5 (500 mg, 1.43 mmol), 3-methoxy-2-hydroxybenzaldehyde (326 mg, 2.14 mmol), with pyrrolidine (0.035 mL, 0.43 mmol) and acetic acid (0.024 mL, 0.43 mmol) for 48 h produced a white solid of (SP)-6d (299 mg, 64%). Rf = 0.42 (hexane/propanol 5:1). [α]D20 +9.3 (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3): δ 8.74 (d, J = 14.9 Hz, 1H), 7.94–7.89 (m, 2H), 7.55–7.45 (m, 3H), 7.29–7.08 (m, 4H), 6.55 (ddd, J = 20.4, 18.9, 1.6 Hz, 1H), 6.34 (ddd, J = 8.8, 2.5, 1.9 Hz, 1H), 6.83 (d, J = 2.2 Hz, 1H), 6.62 (ddd, J = 23.3, 18.6, 12.6 Hz, 1H), 6.32 (ddd, J = 43.9, 12.3, 1.9 Hz, 1H), 3.96 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 158.71(d, J = 14.5 Hz), 152.20 (d, J = 4.5 Hz), 147.19, 144.89, 135.80, 132.28 (d, J = 2.7 Hz), 130.99 (d, J = 119.9 Hz), 128.37 (d, J = 101.7 Hz), 131.43 (d, J = 110.8 Hz), 130.91 (d, J = 9.9 Hz), 130.46, 128.57 (d, J = 12.7 Hz), 128.77 (d, J = 101.7 Hz), 124.86, 121.92 (d, J = 102.6 Hz), 120.51, 119.04 (d, J = 9.9 Hz), 115.59, 56.37. 31P NMR (202 MHz, CDCl3): δ 17.28. Anal. Calcd. for C18H15O4P C, 66.24; H, 4.63; Found C, 66.13; H, 4.61. Crystal data for (SP)-6d: C18H15O4P, Mw = 326.27, crystal system monoclinic, space group P21, unit cell dimensions: a = 8.5085(2) Å, b = 5.9492(1) Å, c = 30.6549(7) Å, β = 91.769(2)°, V = 1550.97(6) Å3, Z = 4, Z′ = 2, Density (calc) 1.397 g/cm3, absorption coeff. 1.734 mm−1, F(000) = 680. Reflections collected/independent 10,647/5095 [R(int) = 0.0490], data/restraints/parameters 5095/1/415. Goodness-of-fit on F2 1.084, final R indices [I > 2σ(I)] R1 = 0.0995, wR2 = 0.2814, absolute structure parameter 0.07(2). CCDC No 2311373.



3-(SP)-(Phenyl(vinyl)phosphinyl)-6-nitro-2H-chromen-2-one ((SP)-6e). The reaction of (SP)-5 (500 mg, 1.43 mmol), 5-nitro-2-hydroxybenzaldehyde (357 mg, 2.14 mmol), with pyrrolidine (0.035 mL, 0.43 mmol) and acetic acid (0.024 mL, 0.43 mmol) for 48 h produced a yellow solid of (SP)-6e (230 mg, 47%). Rf = 0.4 (hexane/propanol 5:1). [α]D20 +14.8 (c 1.0, CHCl3). 1H NMR (500 MHz, CDCl3): δ 8.82 (d, J = 13.5 Hz, 1H), 8.59 (d, J = 2.5 Hz, 1H), 8.47 (dd, J = 8.8, 2.5 Hz, 1H), 7.94–7.90 (m, 2H), 7.60–7.49 (m, 4H), 6.55 (ddd, J = 29.6, 18.6, 12.6 Hz, 1H), 6.60 (ddd, J = 20.4, 18.9, 1.6 Hz, 1H), 6.40 (ddd, J = 43.5, 12.9, 1.6 Hz, 1H). 13C NMR (126 MHz, CDCl3): δ 158.31, 157.79, 150.58 (d, J = 4.5 Hz), 144.33, 136.92, 132.72 (d, J = 2.7 Hz), 131.07, 130.99 (d, J = 109.9 Hz), 128.80 (d, J = 12.7 Hz), 128.25, 118.44 (d, J = 9.9 Hz), 118.13. 31P NMR (202 MHz, CDCl3): δ 16.41. Anal. Calcd. for C17H12O5PN C, 59.83; H, 3.54, N, 4.10; Found C, 59.01; H, 3.49; N, 4.16. Crystal data for (SP)-6e: C17H12NO5P, Mw = 341.25, crystal system monoclinic, space group C2, unit cell dimensions: a = 8.6060(2) Å, b = 28.2190(7) Å, c = 13.1554(3) Å, β = 96.077(2)°, V = 3176.87(13) Å3, Z = 8, Z′ = 2, Density (calc) 1.427 g/cm3, absorption coeff. 1.790 mm−1, F(000) = 1408. Reflections collected/independent 6835/5040 [R(int) = 0.0271], data/restraints/parameters 5040/1/433. Goodness-of-fit on F2 1.083, final R indices [I > 2σ(I)], R1 = 0.0379, wR2 = 0.105, absolute structure parameter 0.002(18). CCDC No 2311374.





2.5. Procedure for Synthesis of (RP)-tert-butylphenylphosphinyl Acetic Acid Menthyl Ester ((RP)-7)


The synthesis was carried out on the basis of a known procedure in the literature, ref. [46] obtaining diastereomerically pure (RP)-7 (>98% de by 1H NMR) compound. [α]D20 –80.8 (c 1.0, MeOH). 1H NMR (500 MHz, CDCl3): δ 7.82–7.78 (m, 2H), 7.53–7.50 (m, 3H), 4.61 (dt, J = 4.4 and 11.0 Hz, 1H), 3.32–3.21 (m, 2H), 1.74–0.76 (m, 15H), 1.18 (d, J = 15.5 Hz, 9H), 0.67 (d, J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 166.7 (d, J = 7.0 Hz), 132.0 (d, J = 8.6 Hz), 131.8 (d, J = 2.6 Hz), 129.5 (d, J = 92.3 Hz), 128.1 (d, J = 12.0 Hz), 75.6, 46.5, 40.2, 34.2, 34.0 (d, J = 62.8 Hz), 33.3 (d, J = 50.8 Hz), 31.3, 25.6, 24.4, 23.0, 22.0, 20.0, 15.8. 31P NMR (202 MHz, CDCl3): δ 43.83. Anal. Calcd. for C22H35O3P C, 69.81; H, 9.32; Found C, 69.86; H, 9.13.



Synthesis of 3-(RP)-(tert-butylphenylphosphinyl)-2H-chromen-2-one ((RP)-8a)


The reaction of (RP)-tert-butylphenylphospinoyl acetic acid menthyl ester (100 mg, 0.264 mmol), salicylaldehyde (80 mg, 0.0661 mmol), with pyrrolidine (0.0056 mL, 0.08 mmol) and acetic acid (0.005 mL, 0.08 mmol) for 144 h produced a yellow pale solidified oil of (RP)-8a (23 mg, 27%). Rf = 0.5 (hexane/propanol 5:1). [α]D20 +84.9 (c 0.55, CHCl3). 1H NMR (500 MHz, CDCl3): δ 8.93 (d, J = 13.6 Hz, 1H), 8.26–8.22 (m, 2H), 7.65–7.62 (m, 2H), 7.54–7.56 (m, 1H), 7.51–7.48 (m, 2H), 7.39–7.32 (m, 2H), 1.34 (d, J = 16.4 Hz, 9H). 13C NMR (126 MHz, CDCl3): δ 160.1, 155.6 (d, J = 3.7 Hz), 155.1, 134.0, 132.4 (d, J = 9.3 Hz), 132.1 (d, J = 3.1 Hz), 129.5 (d, J = 94.5 Hz), 129.4, 128.2, 124.9, 121.5, 118.5 (d, J = 9.1 Hz), 36.0 (d, J = 72.7 Hz), 25.5. 31P NMR (202 MHz, CDCl3): δ 40.26. Anal. Calcd. for C19H19O3P C, 69.93; H, 5.87; Found C, 69.86; H, 6.03.






3. Results and Discussion


3.1. Synthesis of Phosphinylated Coumarins


Owing to our interest in tertiary phosphine oxides, we have developed a simple and efficient method for the construction of α,β-unsaturated E-alkenylphosphine oxides using Knoevenagel condensation reactions (Scheme 2a) [47].



Investigating further the broad utility potential of the condensation reaction, we noted that salicylaldehyde and its derivatives, in the presence of catalytic amounts of amine and acid, readily undergo reactions with L-menthyl diphenylphosphinylacetate. Bojilova and Nikolova [36,48] reported the reaction of salicylaldehyde with triethylphosphonoacetate in the presence of piperidine in refluxing toluene. A Dean–Stark water separator was used to remove the resulting water from the reaction mixture. For our synthesis of 3-diphenylphosphoryl coumarins to improve the yield of the products, we modified the catalyst, and we noticed that the addition of molecular sieves (MS 4 Å, 4–8 mesh) was enough to remove the water from the reaction. A deeper understanding of the parameters governing this reaction allowed us to develop an efficient method for the preparation of coumarins bearing the P-chiral moiety.



3.1.1. Synthesis of 3-Diphenylphosphoryl Coumarins


Our initial study commenced with the reaction of diphenylphosphinoylacetic acid menthyl ester with commercially available salicylaldehyde in the presence of 30 mol% piperidine and 30 mol% acetic acid. The experimental conditions used were the same as those previously described by our group in the synthesis of E-alkenylphosphine oxides [48]. To our delight, the condensation product 2a was obtained in acetonitrile at 80 °C with 100% conversion and 77% yield (Table 1). It was possible to use pyridine and piperidine in synthesis alongside selected acid such as acetic acid (AcOH), trichloroacetic acid (TCA), or p-toluenosulfonic acid (TSA). However, if pure piperidine or pyrrolidine (30 mol%) was exploited as a catalyst, product 2a was not afforded.



With the optimized conditions on hand, i.e., pyrrolidine, and acetic acid as catalysts at 30 mol%, a reaction temperature of 80 °C, and acetonitrile as solvent, the scope of salicylaldehydes was investigated. As demonstrated in Scheme 3, salicylaldehydes bearing electron-donating groups and electron-withdrawing groups were all efficiently coupled with 1 under these reaction conditions to generate the responding 3-(diphenylphosphoryl)-2H-chromen-2-one derivatives in moderate to good yields that demonstrated the generality of this method. Thus, the functionalities, such as bromo, dibromo, nitro, methoxyl, and 1-naphtyl were all well tolerated for this method.



At 80 °C and after 18 h, the highest reaction yield of 88% was found for reaction 1 with 3-methoxy-2-hydroxybenzaldehyde. It is worth noting that with 4-methoxy-2-hydroxybenzaldehyde, the corresponding product 2d was obtained with a much lower yield of 56%. The substituents such as Br, diBr, and NO2 of salicylaldehedes were compatible with the developed reaction conditions in the transformation, furnishing the corresponding products 2b, 2c, and 2f in good yields (86%, 81%, and 75%, respectively). In contrast, the lower yield (34%) was observed only in the cases of 2-hydroxy-1-naphthaldehyde.



The molecular structure for coumarins 2d and 2e was determined by means of an X-ray crystallography (Figure 1 and Figure 2).




3.1.2. Synthesis of Coumarins with P-stereogenic Moiety


After exploring the scope of Knoevenagel condensation of mentyl esters of phosphinoacetic acids with salicylic aldehydes, we designed a series of simple enantiomerically pure phosphine oxides that, owning chirality on the phosphorus atom, could become very attractive as ligands for asymmetric transition metal catalysis or asymmetric organocatalysis, and they could also show biological activity. Following our convenient and efficient synthetic pathway, we subjected diastereomerically pure menthyl phosphinoacetates to a condensation reaction with a series of salicylaldehydes.



As shown in Scheme 4, when ester (Sp)-3 was utilized to react with salicylaldehyde in the presence of pyrrolidine (30 mol%) and AcOH (30 mol%) in MeCN at 80 °C the reaction offered the product (Sp)-4a in 52% yield. It was necessary to raise the reaction temperature to 110 °C and change the solvent to toluene. The salicyladehydes containing various electron-donor and electron-withdrawing substituents were well tolerated in the reaction with 3 and provided the desired products (4b–f) in good yields (up to 87%). In particular, the course of the reaction was significantly affected by the use of 4-methoxysalicylaldehyde as a substrate, and the product 4d could be obtained in yields as low as 39%.



The determination of molecular structure and assignment of configuration for (SP)-4a and (SP)-4d was performed using an X-ray crystallography (Figure 3 and Figure 4). For the presented reactions, the configuration of the phosphorus atom has not changed.



Finally, from the reaction of diastereomerically pure L-menthyl 2-(phenyl(vinyl)phosphinyl)acetate (SP)-5 with salicylaldehydes, the coumarins (SP)-6 were isolated with a satisfactory yield (40–64%), Scheme 5. However, the reactions required extended reaction times of up to 48 h. The result showed that 3-methoxysalicylaldehyde as a substrate is more suitable for this process than 4-methoxysalicylaldehyde (yielding 64% and 40%, respectively).



For coumarins 6d and 6e (Figure 5 and Figure 6), the absolute configuration at P was determined to be (Sp) which is in accord with the configuration of the starting substrate (Sp)-5 (Figure 7).



As we suspected, the presence of a vinyl substituent at the phosphorus atom significantly affected the conversion of the process. Even stronger substituent effects on reaction efficiencies were observed in the synthesis of chiral tert-butylphenylphosphinoyl coumarin 8a (Scheme 6). The reaction of ester (Rp)-7 with salicylaldehyde was carried out in toluene at 110 °C for 144 h. Probably due to the steric hindrance around the phosphorus, the conversion of the reaction was low (40%), and the pure product was isolated in 27% yield.



To summarize, it was found that phoshinylacetic acid L-menthyl esters can react with diverse 2-hydroxybenzaldehydes. The formation of 3-phosphinylated coumarins occurred in refluxing acetonitrile or toluene in the presence of pyrrolidine and acetic acid. With the developed protocol, structurally diverse phosphorus atom coumarins were smoothly obtained in high yields of up to 88%.



The structures of the isolated derivatives were supported by using elemental analysis, 1HNMR, 13C-NMR, and 31PNMR. The confirmation of structure of 2d and 2e, and assignment of configuration for the enantiopure (SP)-L-menthyl phenylvinylphosphinyl- acetate (SP)-5 as well as for the enantiopure coumarins (SP)-4a, (SP)-4d, (SP)-6d, (SP)-6e were obtained by means of an X-ray crystallography (see Supplementary Materials).






4. Conclusions


We found that the diastereomeric pure phoshinylacetic acid L-menthyl esters react with salicylaldehydes in the Knoevenagel condensation condition to yield 3-phosphinylated coumarins in one straightforward synthetic step. The salicylaldehydes bearing electron-donating groups and electron-withdrawing groups were efficiently coupled with esters to generate the corresponding 3-(diphenylphosphoryl)- 2H-chromen-2-one derivatives in moderate to very good yields. Importantly, these new enantiomerically pure compounds combine a coumarin backbone and a phosphinyl group with an asymmetric center at the phosphorus atom in a single molecule. With consideration of this, they could serve as potential chiral precursors for ligands or pharmaceuticals.
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Scheme 1. Synthesis of chiral phosphinylated coumarins. 
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Scheme 2. Deployment of condensation reactions for the synthesis of phosphine oxide derivatives. 
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Scheme 3. Reaction of 1 with substituted salicylaldehydes. Reaction conditions: 1 (1.0 mmol), aldehyde (1.5 equiv.), pyrrolidine (30 mol%), AcOH (30 mol%),CH3CN (15 mL), 80 °C, reaction time 18–72 h. The isolated yield is given. 
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Figure 1. The molecular structure of 2d. 
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Figure 2. The molecular structure of 2e. 
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Scheme 4. Reaction of (Sp)-3 with substituted salicylaldehydes. Reaction conditions: (Sp)-3 (0.75 mmol), aldehyde (1.5 equiv.), pyrrolidine (30 mol%), AcOH (30 mol%), toluene (10 mL), 110 °C, reaction time 48 h. The isolated yield is shown; [a] in MeCN and 80 °C, after 48 h the yield was 52%. 
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Figure 3. The molecular structure of (SP)-4a. 
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Figure 4. The molecular structure of (SP)-4d. 
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Scheme 5. Reaction of (Sp)-5 with substituted salicylaldehydes. Reaction conditions: (Sp)-5 (1.43 mmol), aldehyde (1.5 equiv.), pyrrolidine (30 mol%), AcOH (30 mol%), toluene (10 mL), 110 °C, reaction time 48 h. The isolated yield is shown. 






Scheme 5. Reaction of (Sp)-5 with substituted salicylaldehydes. Reaction conditions: (Sp)-5 (1.43 mmol), aldehyde (1.5 equiv.), pyrrolidine (30 mol%), AcOH (30 mol%), toluene (10 mL), 110 °C, reaction time 48 h. The isolated yield is shown.
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Figure 5. The molecular structure of (SP)-6d. 
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Figure 6. The molecular structure of (SP)-6e. 
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Figure 7. The molecular structure of (SP)-5. 
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Scheme 6. Synthesis of tert-butylphenylphosphinoyl coumarin 8a. 
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Table 1. Optimization reaction of phosphinoylacetic acids menthyl ester with salicylaldehyde.
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	Entry
	Catalyst (mol %)
	Time, h
	Conversion, % [a]





	1
	Piperidine (30)
	48
	-



	2
	Pyrrolidine (30)
	48
	-



	3
	Piperidine (10)/AcOH (10)
	24
	80



	4
	Piperidine (30)/AcOH (30)
	24
	100



	5
	Pyrrolidine (30)/AcOH (30)
	18
	100



	6
	Pyrrolidine (30)/TCA (30)
	18
	100



	7
	Pyrrolidine (30)/pTSA (30)
	18
	100







[a] Reaction conversion calculated from the 31PNMR spectrum.
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