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Abstract


In this study, we explore the synthesis and solid-state characterization of four coumarin-3-carboxylic acid esters, each modified at the C-3 position with different cycloalkyl groups: cyclohexyl, menthyl, and iso-pulegyl. We conducted a detailed analysis of these compounds utilizing a variety of techniques such as a single-crystal X-ray diffraction, nuclear magnetic resonance (NMR), and Fourier-transform infrared (FTIR) spectroscopy. Additionally, we calculated the dipole moments for these molecules. Our findings include a thorough structural assessment, highlighting the role of noncovalent interactions through Full Interaction Maps and Hirshfeld surface analysis. This study reveals the critical influence of the weak C-H…O hydrogen bonds in determining the solid-state architecture of these esters, whereas π-π stacking interactions appear to be negligible among the studied derivatives.
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1. Introduction


Coumarins, a class of naturally occurring phenolic compounds, have garnered significant interest in medicinal chemistry due to their diverse pharmacological properties. The recent literature on the therapeutic effects of coumarins reveals a range of potential medical applications for these compounds. The studies included the investigation of the pharmacological and biological impacts of coumarins, encompassing anti-inflammatory, anticoagulant, antihypertensive, anticonvulsant, antioxidant, antimicrobial, and neuroprotective activities [1,2,3,4,5,6,7,8]. This diverse range of activities makes coumarins promising candidates for the development of new therapeutic agents. Beyond their biological properties, coumarins find applications in various other fields. Due to their fluorescence properties, coumarins are used in the development of fluorescent dyes and sensors for detecting metal ions, pH changes, and biomolecules [9,10,11]. In the textile and paper industries, coumarins are used as optical brighteners to enhance the appearance of materials by absorbing UV light and emitting blue light. Coumarin compounds are often used in fragrances and cosmetic products for their sweet, pleasant odor [12]. Some coumarin derivatives are utilized in the development of pesticides and herbicides [13,14].



Terpenes are often used in organic chemistry to modify and enhance the chemical and biological properties of various compounds [15]. Terpenoid coumarins are not as common as other types of coumarins, but they are studied for their unique properties. Researchers are interested in these compounds because they may offer new therapeutic possibilities due to their specific pharmacological properties arising from the combination of coumarin and terpene moieties. Recently, prenylated and geranylated coumarins have been presented with a wide range of biological activities [16,17]. Studies delving into the chemistry of these compounds highlight their medicinal properties and bioactivities, which range from analgesic and anticoagulant to anti-inflammatory and antimicrobial effects. Also, the promising coumarin with two isobornyl substituents on the benzopyran ring was synthesized and was distinguished by its strong antioxidant activity [18]. In addition to the previously mentioned terpenoid coumarins, there are other more prominent examples with a broader spectrum of action (Figure 1). Auraptene, a prenylated coumarin found in citrus peels, is particularly noted for its anti-inflammatory, anti-tumor, and antioxidant properties [19,20]. Osthole is derived from plants such as Cnidium monnieri and is known for its anti-inflammatory, anti-cancer, and liver-protective properties [21,22,23]. Imperatorin, on the other hand, found in Angelica species, has anti-inflammatory and antimicrobial vasorelaxant effects [24].



In this preliminary study, we focused on the synthesis and characterization of coumarin derivatives derived from coumarin-3-carboxylic acid, containing ester groups such as cyclohexyl, menthyl, and isopulegyl, along with their subsequent structural analysis using X-ray crystallography. Cyclohexyl [25] and menthyl coumarin-3-carboxylic acid esters [26] are already known in the literature, but they were used as the building blocks for the syntheses of other compounds. Herein, we present a comprehensive structural and spectroscopic analysis of these compounds, which, in our opinion, will enrich the understanding of their potential biological activity. Up to now, considerable attention has been focused on the structural examination of basic coumarins, especially those bearing alkyl substitutions [27,28,29,30,31,32]. These studies have employed X-ray crystallography as a key methodological tool, providing insights into the molecular conformations, intermolecular interactions, and crystal packing. However, despite research on alkyl-substituted coumarins, there remains a notable gap in the structural characterization of coumarin derivatives featuring an ester substituent at the C-3 position, especially those with cyclohexyl ester moieties. Moreover, substitution with menthyl and isopulegyl groups turns the molecule into a chiral system, with a larger hydrophobic part. This gap is significant, considering the potential these compounds hold in terms of their unique chemical, physical, and biological properties, which could lead to novel applications. The solid-state analysis will allow for a deeper understanding of the intermolecular forces between these molecules and their biological targets. It may also contribute to a better understanding of the structure–activity relationship in this class of coumarin esters. It should be noted that the biological evaluation of the coumarins presented by us is currently ongoing. The results of biological studies could extend beyond the scope of this article and will be presented in future publications.




2. Materials and Methods


2.1. Instrumentation


2.1.1. General


Chemicals procured commercially from Sigma-Aldrich were utilized without further purification. NMR spectra were acquired employing a Bruker AV500 spectrometer (1H 500 MHz, 13C NMR 126 MHz), with recordings carried out in CDCl3 solutions. Chemical shifts (δ) were referenced to TMS, and coupling constants (J) were provided in Hz. Signal abbreviations included s for singlet, d for doublet, t for triplet, q for quartet, m for multiplet, and b for broad. Elemental analyses were conducted using a Perkin-Elmer CHN 2400 system. FTIR spectra were obtained via attenuated total (internal) reflection (ATR/FTIR) using a Bruker TENSOR 27 spectrophotometer equipped with a PIKE measuring cell featuring crystalline diamond embedded in zinc selenide. The spectra were recorded in the range of 4000 to 600 cm−1, with 64 scans per sample, at a resolution of 2 cm−1 in absorption mode. Optical rotations were measured using a Perkin-Elmer 341LC digital polarimeter. Melting points were determined on a Buchi 510 apparatus. Thin-layer chromatography (TLC) was performed on silica gel (Kieselgel 60, F254 on aluminum sheets, Merck KGaA, Darmstadt, Germany under UV light (254 nm). Column chromatographic separations and purifications were carried out using Merck silica gel 60 (230–400 mesh).




2.1.2. X-ray Crystallography


The single crystal diffraction data were collected at room temperature with a SuperNova diffractometer (Oxford Diffraction; Agilent [33]) with the graphite monochromated CuKα radiation (λ = 1.54184 Å). The CrysAlisPro program system [34] was used for data collection, cell refinement, and data reduction. The intensities were corrected for Lorentz and polarization effects, and the multi-scan absorption corrections were applied. The crystal structure was solved by direct methods using the SHELXT program and refined by the full-matrix least squares method on F2 using the SHELXL-2018/3 program [35,36]. 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 2329676–2329679).



The powder diffraction data were collected at room temperature using an Empyrean diffractometer with a PIXcel3D area detector (PANalytical, Almelo, The Netherlands) and monochromated Cu-Kα radiation (λ = 1.54184 Å), in the 2θ range of 3–50° and a θ step of 0.0131°.





2.2. General Procedure for Synthesis of Coumarins CMR 1–4


To a solution of coumarin-3-carboxylic acid (1.0 g, 5.26 mmol) in dry dichloromethane (DCM, 15 mL) N,N′-dicyclohexylcarbodiimide (DCC, 5.78 mmol), 4-dimethyl-aminopyridine (DMAP, 0.26 mmol), and the appropriate alcohol (5.78 mmol, cyclohexanol, menthol, isopulegol) were added. The reaction mixture was stirred at room temperature for 12–48 h. The resultant by-product DCU (N,N’-dicyclohexylurea) precipitate was eliminated from the reaction mixture by filtration, and the filtrate was concentrated. The resultant coumarin esters were purified by column chromatography (hexane/ethyl acetate 15:1) and/or by recrystallization with ethanol.



Cyclohexyl 2-oxo-2H-chromene-3-carboxylate (CMR-1). The reaction of 2-oxo-2H-chromene-3-carboxylic acid (1) (1.0 g, 5.26 mmol) with cyclohexanol (0.57 g, 5.78 mmol) in the presence of DCC (1.19 g, 5.78 mmol) and DMAP (32.0 mg, 0.26 mmol) for 12 h gave a white solid of CMR-1 (620 mg, 45%). Rf = 0.5 (hexane/ethyl acetate 5:1). Mp. 107–108 °C. 1H NMR (500 MHz, CDCl3): δ 2.02–1.28 (m, 10 H, CH2), 5.07 (ddd, J = 12.9, 8.9, 3.9 Hz, 1 H, CH), 7.40–7.36 (m, 2 H, CHarom), 7.68–7.63 (m, 2 H, CHarom), 8.49 (s, 1 H, CH), 13C NMR (126 MHz, CDCl3): δ 23.6, 25.4, 31.5, 56.9, 74.4, 116.8, 117.9, 118.9, 124.7, 129.4, 134.1, 147.9, 155.1, 156.7, 162.4. ATR-FTIR (υ/cm−1): 3108, 3056, 2856, 1763, 1747, 1722, 1700, 1618, 1216, 794, 759. Anal. Calcd. for C16H16O4; C, 70.57; H, 5.92; Found C, 70.49; H, 5.60.



Crystal data for CMR-1: crystal system triclinic, space group P-1, unit cell dimensions a = 6.1358 (8) Å, b = 9.6241 (14) Å, c = 12.1824 (17) Å, α = 95.904 (12)°, β = 94.563 (11)°, γ = 103.632 (12)°, V = 691.39 (17) Å3, Z = 2, density (calcd) = 1.308 g/cm3, absorption coeff. 0.771 mm−1, F(000) = 288. Reflections collected/independent 4488/2639 [R(int) = 0.0256], data/parameters 2639/182, goodness-of-fit on F2 1.076, final R indices [I > 2σ(I)] R1 = 0.0589, wR2 = 0.1743, Δρ max/min 0.33, and −0.20 e. Å−3. CCDC No. 2329676.



(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 2-oxo-2H-chromene-3-carboxylate (CMR-2). The reaction of 2-oxo-2H-chromene-3-carboxylic acid (1.0 g, 5.26 mmol) with L-(-)-menthol (0.90 g, 5.78 mmol) in the presence of DCC (1.19 g, 5.78 mmol) and DMAP (32.0 mg, 0.26 mmol) for 48 h gave a white solid of CMR-2 (480 mg, 30%). [α]D20 −58.5 (c 0.55, CH2Cl2). Rf = 0.6 (hexane/ethyl acetate 5:1). Mp. 144–146 °C. 1H NMR (500 MHz, CDCl3): δ 0.83 (d, J = 6.9 Hz, 3 H, CH3), 0.95 (d, J = 3.8 Hz, 3 H, CH3), 0.97 (d, J = 3.4 Hz, 3 H, CH3), 1.29–1.26 (m, 2 H, CH2), 1.56–1.64 (m, 3 H, CH2, CH), 1.73–1.79 (m, 2 H, CH2), 2.04 (dtd, J = 13.9, 7.0, 2.7 Hz, 1 H, CH), 2.20–2.14 (m, 1 H, CH2), 4.99 (td, J = 10.9, 4.4 Hz, 1 H, CH), 7.41–7.33 (m, 2 H, CHarom), 7.69–7.62 (m, 2 H, CHarom), 8.49 (s, 1 H, CH). 13C NMR (126 MHz, CDCl3): δ 16.2, 20.8, 22.0, 23.3, 26.1, 31.4, 34.1, 40.7, 46.9, 76.0, 116.7, 117.9, 118.7, 124.7, 129.4, 134.1, 147.9, 155.1, 156.6, 162.5. ATR-FTIR (υ/cm−1): 3093, 3059, 3056, 2956, 2937, 2897, 2867, 1743, 1701, 1606, 1451, 1379, 1242, 1015, 769. Anal. Calcd. for C20H24O4; C, 73.15; H, 7.37; Found C, 73.20; H, 7.41.



Crystal data for CMR-2: crystal system orthorhombic, space group P212121, unit cell dimensions a = 11.0514 (3) Å, b = 12.3778 (4) Å, c = 13.4983 (4) Å, V = 1846.46 (10) Å3, Z = 4, Density (calcd) 1.181 g/cm3, absorption coeff. 0.656 mm−1, F(000) = 704. Reflections collected/independent 4914/3240 [R(int) = 0.0196], data/parameters 3240/218. Goodness-of-fit on F2 1.055, final R indices [I > 2σ (I)] R1 = 0.038, wR2 = 0.097, absolute structure parameter x = 0.2 (2), Δρ max/min 0.14 and −0.12 e Å−3. CCDC No. 2329677.



(1S,2R,5S)-2-isopropyl-5-methylcyclohexyl 2-oxo-2H-chromene-3-carboxylate (CMR-3). The reaction of 2-oxo-2H-chromene-3-carboxylic acid (1) (1.0 g, 5.26 mmol) with D-(+)-menthol (0.90 g, 5.78 mmol) in the presence of DCC (1.19 g, 5.78 mmol) and DMAP (32.0 mg, 0.26 mmol) for 48 h gave a white solid of CMR-3 (500 mg, 31%). [α]D20 +59.3 (c 0.60, CH2Cl2). Rf = 0.6 (hexane/ethyl acetate 5:1). Mp. 145–146 °C. 1H NMR (500 MHz, CDCl3): δ 0.83 (d, J = 6.9 Hz, 3 H, CH3), 0.96 (d, J = 3.9 Hz, 3H, CH3), 0.97 (d, J = 3.4 Hz, 3 H, CH3), 1.10–1.21 (m, 2 H, CH2), 1.57–1.62 (m, 3 H, CH, CH2), 1.73–1.79 (m, 2 H, CH2), 2.01–2.07 (m, 1 H, CH), 2.15–2.19 (m, 1 H, CH2), 4.99 (td, J = 10.9, 4.4 Hz, 1 H, CH), 7.33–7.39 (m, 2 H, CHarom), 7.61–7.77 (m, 2 H, CHarom), 8.49 (s, 1 H, CH). 13C NMR (126 MHz, CDCl3): δ 16.2, 20.8, 22.0, 23.3, 26.1, 31.4, 34.1, 40.7, 46.9, 76.0, 116.6, 117.9, 118.7, 124.7, 129.4, 134.1, 147.9, 155.0, 156.5, 162.5. ATR-FTIR (υ/cm−1): 3094, 3060, 3040, 2956, 2937, 2897, 2867, 1743, 1702, 1606, 1451, 1379, 1260, 1015, 769. Anal. Calcd. for C20H24O4; C, 73.15; H, 7.37; Found C, 73.16; H, 7.33.



Crystal data for CMR-3: crystal system orthorhombic, space group P212121, unit cell dimensions a = 11.0516 (7) Å, b = 12.3932 (9) Å, c = 13.5021 (9) Å, V = 1849.3 (2) Å3, Z = 4, density (calcd) 1.179 g/cm3, absorption coeff. 0.655 mm−1, F(000) = 704. Reflections collected/independent 4800, 3179 [R(int) = 0.0245], data/parameters 3179/218. Goodness-of-fit on F2 1.039, final R indices [I > 2σ(I)] R1 = 0.0459, wR2 = 0.1249, absolute structure parameter x = 0.3(3), Δρ max/min 0.18 and −0.14 e. Å−3. CCDC No. 2329678.



(1R,2S,5R)-5-methyl-2-(prop-1-en-2-yl)cyclohexyl 2-oxo-2H-chromene-3-carboxylate (CMR-4). The reaction of 2-oxo-2H-chromene-3-carboxylic acid (1) (1.0 g, 5.26 mmol) with (-)-isopulegol (0.92 g, 5.78 mmol) in the presence of DCC (1.19 g, 5.78 mmol) and DMAP (32.0 mg, 0.26 mmol) for 48 h gave a white solid of CMR-4 (630 mg, 37%). [α]D20 −49.5 (c 0.55, CH2Cl2). Rf = 0.55 (hexane/ethyl acetate 5:1). Mp. 123–124 °C. 1H NMR (500 MHz, CDCl3): δ 0.99 (d, J = 6.6 Hz, 3H, CH3), 1.01–1.07 (m, 1 H, CH), 1.22 (dd, J = 23.3, 12.1 Hz, 1 H, CH), 1.42–1.53 (m, 1 H, CH2), 1.61–1.69 (m, 1 H, CH2), 1.74 (s, 3H, CH3), 1.82–1.86 (m, 1 H, CH2), 2.16–2.23 (m, 1 H, CH), 2.30–2.36 (m, 1H, CH2), 4.74–4.75 (m, 2 H, CH=CH2), 5.08 (td, J = 10.9, 4.5 Hz, 1 H, CH), 7.39–7.30 (m, 2 H, CHarom), 7.68–7.55 (m, 2 H, CHarom), 8.44 (s, 1 H, CH). 13C NMR (126 MHz, CDCl3): δ 19.45, 22.04, 30.36, 31.45, 34.04, 40.26, 50.84, 75.13, 112.08, 116.78, 117.95, 118.66, 124.69, 129.42, 134.12, 146.24, 147.95, 155.12, 156.62, 162.07. ATR-FTIR (υ/cm−1): 3081, 3040, 2956, 2914, 2934, 2846, 2360, 1751, 1705, 1607, 1451, 1373, 1243, 1205, 1006, 769. Anal. Calcd. for C20H22O4; C, 73.60; H, 6.79; Found C, 73.52; H, 6.70.



Crystal data for CMR-4: crystal system orthorhombic, space group P212121, unit cell dimensions a = 9.8116 (3) Å, b = 12.8626 (3) Å, c = 14.2305 (4) Å, V = 1795.93 (9) Å3, Z = 4, density (calcd) 1.207 g/cm3, absorption coeff. 0.675 mm−1, F(000) = 696. Reflections collected/independent 4426/3212 [R(int) = 0.0151], data/parameters 3212/219. Goodness-of-fit on F2 1.013, final R indices [I > 2σ(I)] R1 = 0.0409, wR2 = 0.1286, absolute structure parameter x = 0.02 (17), Δρ max/min 0.14 and −0.14 e. Å−3. CCDC No. 2329679.





3. Results and Discussion


3.1. Synthesis of Coumarins


The synthesis of ester derivatives of coumarin-3-carboxylic acid is achievable through several routes. These include condensation reactions involving salicylaldehyde and compounds featuring an active methylene group [37], as well as a FeCl3-catalyzed multicomponent reaction employing salicylaldehydes, Meldrum acid, and alcohols [38]. Additionally, these compounds can be prepared via esterification reactions between coumarin-3-carboxylic acid and alcohols, employing either DCC (N,N’-dicyclohexyl-carbodiimide) with DMAP (Steglich esterification) [39] or KPF6 (potassium hexafluorophosphate) [40].



In the synthesis of cyclohexyl derivatives of coumarins (CRM 1–4), we employed the Steglich esterification which is a more efficient and mild alternative to traditional esterification methods, Scheme 1 [41,42]. The substrate used in the esterification reaction, coumarin-3-carboxylic acid (1), was synthesized from Meldrum’s acid and salicylaldehyde. This synthesis employed potassium carbonate to facilitate the Knoevenagel condensation, followed by intramolecular cyclization. The procedure was carried out according to the method described by Brahmachari [43].



The esterification of coumarin-3-carboxylic acid (1) with various alcohols, including cyclohexanol, L-menthol, D-menthol, and (-)-isopulegol, was conducted on a one-gram scale. This reaction was performed in the presence of 1.1 equivalents of DCC and 0.05 equivalents of DMAP, using dichloromethane (DCM) as the solvent. The reactions were maintained at room temperature for a duration ranging from 12 to 48 h. The resultant products were initially purified using column chromatography, employing a hexane/ethyl acetate mixture. The subsequent recrystallization from ethyl alcohol yielded coumarins CMR 1–4 with yields of 30–42%. The synthesis of compound CMR-1 was presented already in the publication by Kuang et al. [44] The authors utilized a condensation reaction of salicylaldehyde with dicyclohexyl malonate for this purpose. The publication did not provide the reaction yield, and there is also a lack of complete spectroscopic data for the compound (13C NMR, IR). The synthesis of methyl esters of coumarins was described in the work by Ichikawa et al. [26]. The authors successfully employed the Steglich esterification reaction for their preparation. Additionally, Xu et al. [27] applied the reaction between 2-oxo-2H-chromene-3-acyl chloride and L-menthol in the presence of a base for the synthesis of CMR-2. Unfortunately, the yield of this reaction was not determined, and spectroscopic analysis of this coumarin was also not provided.




3.2. NMR and FTIR Spectra of Coumarins


1H NMR and 13C NMR spectral data for CMR 1–4 were recorded in CDCl3 and are presented in the Supplementary Materials (Figures S1–S8). In the coumarin derivatives, signals from the proton CH4 group were observed at 8.44–8.49 ppm as a singlet. The signals from cyclohexyl protons appeared in the range of 2.02–1.80 ppm as multiplets. The CH group in the cyclohexyl ring manifests as a multiplet in the region of 5.09–5.06 ppm, whereas for coumarins CRM 2–4, it appears as a doublet of triplets in the region of 4.99–5.08 ppm. The CH3 protons of the menthol moiety displayed signals at 0.97 ppm, 0.95 ppm, and 0.83 ppm as doublets. The two protons of the CH=CH2 group of CMR-4 were located in the range of 4.85–4.74 ppm as a multiplet. The aromatic protons for all coumarins were presented as multiplets around 7.40–7.62 ppm.



For all the examined compounds CMR 1–4, in the FTIR spectra (Figure 2) characteristic bands for stretching vibrations of C-H groups of the coumarin and cyclohexyl rings can be distinguished in the range of 3100–3000 cm−1. The range of 3000–2800 cm−1 is characteristic for stretching vibrations of CH3 groups. The region from 1800 to 1200 cm−1 is associated with stretching vibrations of C=C, C-C, and C-O bonds, as well as deformations of CH2 and CH3 groups. The sharp bands at around 1740 cm−1 and 1700 cm−1 are characteristic of the carbonyl group C=O. In the case of coumarin with a cyclohexyl substituent (CMR-1), in the region characteristic of the carbonyl group C=O, besides the two sharp bands at 1747 cm−1 and 1700 cm−1, two less intense bands at 1763 cm−1 and 1722 cm−1 are clearly visible, which may indicate the formation of the C-H…O hydrogen bonds of different geometry than those in CMR-2–4 crystals.




3.3. Molecular Structure


The structure of the molecules CMR 1–4 is shown in Figure 3. The conformers in the solid phase are diverse, the molecules containing chiral L- and D-menthyl groups (CMR-2 and CMR-3) are mirror images of each other (see Figure S9a), which is expected. Moreover, substitution with menthyl and isopulegyl groups turns the molecule CMR-1 into a chiral system, with a larger hydrophobic part. The fitting of the molecules through the coumarin system shows different orientations of the cycloalkyl substituent (Figure 4) due to the rotation around the C3-C11 bond. In the molecule with the simplest basic structure, CMR-1, the orientation of the C=O bonds of the lactone and ester groups is anti; the value of the torsion angle C2-C3-C11-O4 is −156.1 (3)°. However, in the remaining molecules with a more extensive cycloalkyl part, the C=O2 and C=O4 bonds are in the syn positions (Figure 3 and Figure 4a,b). In addition, the molecular dipol moments calculated for the solid-state conformers and the optimized ones show significant differences between their values (Figure 3) [45].



The observation resulting from the comparison of the conformations of the ester molecules with the L-menthyl (CMR-2) and (-)-isopulegyl (CMR-4) group is puzzling. Despite the identical configuration at the chiral centers and the only difference in the molecular structure, which is the presence of the isopropyl (CH3-CH-CH3) vs. isopropenyl (CH3-C=CH2) group, the molecules have significantly different conformations. This is visible in the fitting of the molecules through the cyclohexyl ring (Figure 4c); the position of the coumarin rings in the molecules varies by 60°.




3.4. Crystal Structure and Intermolecular Contacts


The analysis of the packing of the molecules in the crystals (Figure S12) shows the centrosymmetric arrangement of CMR-1. These molecules (having extended conformation) form catemeric associates stabilized by the C-H…O intermolecular hydrogen bonds (Figure 5a). In contrast, three chiral esters CMR 2–4, crystallize in the chiral P212121 space group. As a consequence, these molecules are transformed around the 21 screw axes.



Intermolecular forces depend on the chemical composition of the compound; in the case of the tested group of derivatives, the chemical composition is C, H, O. As a consequence, in the solid-state structures of coumarin and the studied C-3 alkyl ester derivatives, CMR 1–4, the strongest interactions will be C-H…O hydrogen bonds. Despite there being the same number of acceptors in these molecules, i.e., oxygen atoms, the number of hydrogen bonds formed in the crystals is different. Three hydrogen bonds are formed between achiral CMR-1 molecules and the acceptors are the O1 and O4 atoms (Figure 5a). However, in chiral crystals, the enantiomeric molecules CMR-2 and CMR-3 form four bonds, and the crystal packings are mirror images; in each crystal, the O2 and O4 atoms are bifurcated acceptors (Figure 5b,c). In the crystal CMR-4, the pattern of two C-H...O hydrogen bonds is different with the O2 and O4 atoms involved as acceptors (Figure 5d). The only hydrogen bond donors (i.e., C-H bonds) are aromatic fragments of all molecules CMR 1–4.



Two methods were used to interpret and illustrate the environment of molecules in the three-dimensional framework; Hirshfeld surfaces (Figure S10) and Full Interaction Maps (FIMs) (Figure 5 and Figure S11) were calculated using CrystalExplorer [46] and Mercury software [47], respectively. It seems that the second way of interpretation is more useful for this group of compounds. The FIM illustrates hydrogen bond donors (C-H) with red zones and hydrogen bond acceptors (O) with blue zones. The intensity of these color zones correlates with the likelihood of the respective interactions occurring.



It can be seen in these maps that the interactions are concentrated around the edges of the molecules, and there is no π-stacking. Interestingly, both chiral molecules transformed around the two-fold screw axes do not stack through the coumarin system as in the centrosymmetric CMR-1 crystals (Figure S12). Comparing these associates to the associations of coumarin molecules themselves shows the absence of significant π-π interactions in these crystals (Figure S11).



Using FIMs, one can easily see the correlation between the conformation of the ester group, resulting from the rotation around the C3-C11 bond, and the location of hydrogen bond acceptors (Figure 5 and Figure S11). Molecules with an anti C=O bond orientation (CMR-1) can interact in two opposite directions. However, the remaining molecules have acceptors located in the syn positions, on the same side of the molecules. It can therefore be assumed that increasing the size of the hydrophobic group results in a specific localization of the C-H…O interactions in solid, which makes the molecule more polar. It is supported by the calculated dipole moments for the molecular conformations in solid which are: 4.187 D for CMR-1, 6.855 D for CMR-2, 6.827 D for CMR-3, and 6.266 D for CMR-4, respectively. This can be used to design subsequent substitutions for coumarin-3-carboxylic acid.





4. Conclusions


Four ester derivatives of coumarin-3-carboxylic acid featuring cyclohexyl groups have been synthesized and their structures elucidated using X-ray crystallography. Our research centered on examining the crystal structures, exploring the intermolecular interactions, and identifying diverse associations patterns. Previously described structures of coumarins in the literature, featuring simple alkyl ester substituents, have demonstrated that the coumarin skeleton was coplanar with the alkyl substituents. However, our study of coumarins with cyclohexyl substituents has clearly shown a change in the molecular conformations and association. This is evident in the altered orientation of the C=O ester groups relative to the coumarin ring, indicating a significant deviation from the planar alignment observed in simpler alkyl-substituted coumarins. Despite the presence of an aromatic ring in the structure of CMR 1–4 coumarins, no π-π interactions were detected. The molecular structures of the examined coumarins were stabilized by the intermolecular C-H…O hydrogen bonds. Introducing the bulky cyclohexyl substituents, such as menthyl or isopulegyl, significantly increased the localized character of the H-bond acceptors of the coumarin molecule. Moreover, the conformations of molecules, resulting from the rotation of the coumarin and ester fragments, have different dipole moments when comparing the optimized and the observed in crystal. These aspects may be significant in the future for the interaction of CMR 1–4 coumarins with biological molecules.
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Figure 1. Examples of terpene coumarins that demonstrate a number of biological activities. 
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Scheme 1. The synthetic approaches towards coumarins CRM 1–4. 
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Figure 2. FTIR spectra of coumarins CMR 1–4. 






Figure 2. FTIR spectra of coumarins CMR 1–4.



[image: Crystals 14 00196 g002]







[image: Crystals 14 00196 g003] 





Figure 3. Molecular structure of coumarin esters CMR 1–4 illustrated using the ORTEP program. Ellipsoids are shown with a 30% probability. The values (Debye) of dipole moments calculated for the solid-state conformers and the molecules with optimized geometry are given. The torsion angles describing the conformation around the ester group are given. 
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Figure 4. Molecular fitting of conformers: (a) CMR-1 (light blue) and CMR-2 (atoms marked in standard colors). fitted through the coumarin rings; (b) CMR-1 (light blue) and CMR-4 (atoms marked in standard colors) fitted through the coumarin rings; (c) CMR-2 (atoms marked in standard colors) and CMR-4 (green) the cyclohexane rings are fitted. 
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Figure 5. The C-H…O hydrogen bonds involving molecules in crystals (left column) and Full Interaction Maps (right). 






Figure 5. The C-H…O hydrogen bonds involving molecules in crystals (left column) and Full Interaction Maps (right).



[image: Crystals 14 00196 g005]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).



























media/file4.png
COOH > 4 COOR

DCC, DMAP 6 NY;
+ R-OH >
DCM, rt, 12-48 h 7
0 0 0”270
8 1
1 CRM 14

o oy S ool

CRM-1 CRM-2 CRM-3 CRM-4





nav.xhtml


  crystals-14-00196


  
    		
      crystals-14-00196
    


  




  





media/file2.png
oo
0 ~ N0 o o

Osthol Auraptene

O\/Y
Imperatorin





media/file5.jpg
Absorbance Units

0.15 4

0.5 4

025 4

0.15 4

025 4

0.15 4

0.5 4

0.15 4

0.5 4

By Wl
ool L

“““““ M 1y
oY WL

= 0
@&UO





media/file3.jpg
COOH

bee, DyAP
¢ ROH —————»
DOM.r 1208
o






media/file1.jpg





media/file7.jpg
MR
dipole moment
nsolid 4187D

optimized
645D

MR
dipole moment
nsolid 655D

optimized
333D

favey
dipole moment

optimized
333D

feney

dipole moment
i slid 6266 D

optimized
348D

Torsion angles ()

Qo
Qaaro:
ccioscn
cioscrcyy

Torson angles ()

Qcao
Qccior
ccnoscn
cnoscizen

Torson angles ()

Qo
Qaaro
cnoscn
coscizcn

Tonson angles ()

caars
Qcaor
ccnoscn
cnoscici

520y
15610
736)
1920)

w720
440
756)
1544)

w70

450)
7200
-1506)

“us2)
520)
150)
14060)





media/file10.png





media/file12.png
(a)
CMR-1

(b)
CMR-2






media/file9.jpg





media/file8.png
CMR-1
dipole moment
in solid 4.187 D

optimized
6.45D

CMR-2
dipole moment
in solid 6.855 D

optimized
3.323 D

CMR-3
dipole moment
in solid 6.827 D

optimized
3.323 D

CMR-4
dipole moment
in solid 6.266 D

optimized
3.444 D

Torsion angles (°)

C2-C3-C11-03
C2-C3-C11-04
C3-C11-O3-C12

C11-0O3-C12-C17

Torsion angles (°)

C2-C3-C11-03
C2-C3-C11-04
C3-C11-O3-C12

C11-O3-C12-C17

Torsion angles (°)

C2-C3-C11-03
C2-C3-C11-04
C3-C11-O3-C12

C11-O3-C12-C17

Torsion angles (°)

C2-C3-C11-03
C2-C3-C11-04
C3-C11-O3-C12

C11-0O3-C12-C17

23.2 (3)
-156.1 (3)
179.3 (3)
149.2 (3)

137.2 (3)
~44.4 (3)
177.5 (3)
154.4 (4)

-137.7 (3)

445 (3)
-177.2 (3)
~154.0 (5)

~146.2 (2)
35.2 (3)
179.5 (3)
140.6 (3)





media/file11.jpg





media/file6.png
Absorbance Units

0.15 -

0.05 —

]
] ]

CRM-4 m J

0.25 -

0.15 -

0.05 -

Uﬂﬂ

CRM-3 JN ‘J -

0.25 -

0.15 -

0.05 -

]
o ]
CRM-2 J

0.15 -

0.05 +

i

CRM-1 AL

| T - ]
3500 3000 2500 2000
Wavenumber cm-1

1500

1000






