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Abstract

:

In the search to cover the urgent need to combat infectious diseases, natural products have gained attention in recent years. The caespitate molecule, isolated from the plant Helichrysum caespititium of the Asteraceae family, is used in traditional African medicine. Caespitate is an acylphloroglucinol with biological activity. Acylphloroglucinols have attracted attention for treating tuberculosis due to their structural characteristics, highlighting the stabilizing effect of their intramolecular hydrogen bonds (IHBs). In this work, a conformational search for the caespitate was performed using the MM method. Posteriorly, DFT calculations with the APFD functional were used for full optimization and vibrational frequencies, obtaining stable structures. A population analysis was performed to predict the distribution of the most probable conformers. The calculations were performed in the gas phase and solution using the implicit SMD model for water, chloroform, acetonitrile, and DMSO solvents. Additionally, the multiscale ONIOM QM1/QM2 model was used to simulate the explicit solvent. The implicit and explicit solvent effects were evaluated on the global reactivity indexes using the conceptual-DFT approach. In addition, the QTAIM approach was applied to analyze the properties of the IHBs of the most energetically and populated conformers. The obtained results indicated that the most stable and populated conformer is in the gas phase, and chloroform has an extended conformation. However, water, acetonitrile, and DMSO have a hairpin shape. The optimized structures are well preserved in explicit solvent and the interaction energies for the IHBs were lower in explicit than implicit solvents due to non-covalent interactions formed between the solvent molecules. Finally, both methodologies, with implicit and explicit solvents, were validated with 1H and 13C NMR experimental data. In both cases, the results agreed with the experimental data reported in the CDCl3 solvent.
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1. Introduction


Acylphloroglucinols (ACPLs) are phytochemical compounds with pharmacological properties. One relevant chemical characteristic of ACPLs is the formation of intramolecular non-covalent interactions in their structures, such as intramolecular hydrogen bonds (IHBs). These IHBs could be responsible for the chemical reactivity and biological activity observed in these compounds. On the other hand, it is important to simulate the solvent effect on the molecules. The effect of the solvent can be modeled with implicit models, which assume the solute is put into a cavity within a continuous dielectric medium simulating the solvent. Some more commonly used implicit models are the polarizable continuum model (PCM), or the universal solvation model based on density (SMD). Also, molecules of solvent can be explicitly incorporated into the system surrounding the solute to model the solute-solvent interactions. One explicit model widely used is our own N-layer integrated molecular orbital molecular mechanics (ONIOM), which uses different levels of theory to calculate different parts of the system. Generally, the solute is treated with a high level of theory calculation, while molecules of the solvent are treated at a lower level of theory. The chemical reactivity of ACPLs can be studied using global reactivity parameters based on the conceptual density functional theory (c-DFT) approach. c-DFT is based on describing chemical concepts from the quantitative prediction of the Koopmans theorem and the Kohn–Sham formalism, i.e., the energy of HOMO related to vertical ionization potential (IP) and the energy of LUMO related to vertical electron affinity (EA). The quantum theory of atoms in molecules (QTAIM) is used to characterize the intramolecular hydrogen bonds (IHBs) through parameters obtained from the electron density. As part of the validation of the theoretical methodology used, experimental spectroscopic data are very useful to compare the calculated values obtained. For example, experimental 1H and 13C NMR spectra of ACPLs have been reported, and our calculations of 1H and 13C NMR spectra are in agreement with them in both implicit and explicit calculated systems.



The Asteraceae, or Compositae, family is breathtakingly successful in human health. Many of its members have traditional therapeutic uses and have been cultivated for more than 3000 years [1]. Several species of this family have shown a wide range of anti-inflammatory, antimicrobial, antioxidant, and hepatoprotective activities [2]. Numerous compounds have been isolated from extracts of this family, such as caespitate [3] and caespitin [4], which are isolated from Helichrysum caespititium, a plant native to Lesotho, South Africa, and Zimbabwe [5,6], where this plant is used in traditional medicine to treat tuberculosis (TB), a disease with the world’s highest incidence caused by a single infectious agent, below COVID-19 and above HIV [7]. Therefore, there is an urgency to develop new possibilities for the treatment of TB based on phytochemical compounds.



Here, we are interested in the study of the anti-tuberculosis properties of caespitate. Caespitate (2-methyl-4-[2′,4′,6′-trihydroxy-3′-(2-methylpropanoyl)-phenyl]but-2-enyl acetate) is an acylphloroglucinol with an acyl group and three hydroxyl substituents on the benzene ring in 2, 4, and 6-positions, while in the meta position, it has a prenyl chain ending with an ester group, giving rise to two geometric isomers, Z and E. It has been demonstrated that the Z isomer is biologically active [8].



The use of ACPLs to treat TB has attracted the attention of several research groups due to the structural characteristics and stabilizing effects of the IHBs of several ACPLS compounds. The formation of IHBs depends on the type and position of the OH groups; some of them are available to interact with other solvent molecules, influencing the conformational preference and physicochemical properties of the molecule. The influence of the IHBs of type O–H···O on the conformational preferences and population analysis of caespitate was early studied using semiempirical methods [9]. Relevant geometry changes and increases in energy were observed in ACPL compounds and compared with caespitate, with the removal of IHB using MP2 and DFT/B3LYP calculations [10]. The implicit PCM solvent effect on the IHBs of a series of ACPLs, including caespitate, was analyzed using chloroform, acetonitrile, and water solvents with HF, MP2, and DFT/B3LYP methods [11,12]. The stabilization energy of the IHBs in polar solvents, acetonitrile and water, was higher than in chloroform, showing that the stabilization is increased with the solvent polarity. The IHB length was not significantly weakened in solution, even when evaluating the effect of the explicit solvent of adducts with water molecules [12,13]. The contribution of other weaker IHBs, such as C–H–O and O–H–π, to the conformational stabilization was also analyzed with the PCM implicit solvent model with HF, MP2, and DFT/B3LYP methods [14]. An extensive conformational search study of Z and E isomers of caespitate was carried out using the PCM model with HF, MP2, and DFT/B3LYP calculations, with a greater number of low-energy conformers for Z than the E isomer. Also, it was found that the ability to form IHBs is greater for the Z isomer than the E isomer, and the corresponding IHB has a greater stabilizing effect [15]. Z isomers can form two types of IHBs. The first is formed via the sp2 oxygen atom of the acyl group with the H atoms of the hydroxyl groups in the ortho position. The second IHB is formed with either of the two oxygen atoms (sp3 or sp2) of the prenyl chain and the H atoms of the hydroxyl group. Considering adducts with explicit water molecules approximating the first solvation layer, no significant differences in the patterns of IHB formation were found [15].



In this work, a conformational search on Z-caespitate was carried out using the MM method. Posteriorly, DFT calculations were used at two levels of theory, APFD/6-31+G(d) and APFD/6-311+G(2d,p), to obtain the most stable structures. Also, a population analysis was performed to predict the distribution of the most probable conformers. The calculations were carried out in the gas phase and solution phase with water, chloroform, acetonitrile, and DMSO as solvents, using the implicit SMD model. Additionally, a multiscale ONIOM (QM:XTB2) model was used to take into account the explicit solvent on caespitate conformers. On the preferred conformers of caespitate in each solvent, the implicit and explicit solvent effects on the global reactivity indices were analyzed using the conceptual DFT approach. Finally, the intramolecular hydrogen bonds (IHB) were characterized using the QTAIM approach.




2. Computational Methodology


The conformational search of caespitate was initially performed using the protocol GMMX [16] implemented in the GaussView 6.0 program [17]. The MM method with the force field MMFF94 [18] was used to obtain 86 conformers with relative energies ≤ 6 kcal mol−1. Posteriorly, full optimization for all conformers was carried out using DFT calculations with APFD functional [19] and the basis set 6-31+G(d) [20], obtaining stable structures with energies of ≤4 kcal mol−1. Then, the APFD with the basis set 6-311+G(2d,p) [21] was used for the full optimization and vibrational frequency calculations on the stable structures with energies ≤ 2 kcal mol−1. Vibrational frequency calculations were evaluated to obtain the thermochemistry parameters and to assure local minimum structures with no imaginary frequencies for each conformer. The calculations were performed in gas phase and solution using the implicit SMD model [22] for solvents with different polarities: water (ε = 78.355), chloroform (ε = 4.711), acetonitrile (ε = 35.688), and DMSO (ε = 46.826) [23]. The population analysis was performed based on the Boltzmann distribution in the thermodynamic equilibrium, involving the relative free energies, ΔG, using the equation:    N i  /  N  t o t a l   =  e  − Δ  G i  / R T   /   ∑   k = 1  M   e  − Δ  G k  / R T    , where    N i    is the probability to find the conformer i from the total number of conformers    N  t o t a l    , T is the temperature of the system at 298.5 K, R is the universal gas constant, and M is the number of all accessible conformers [24]. Additionally, calculations using the multiscale model ONIOM (QM:XTB2) [25] were carried out to include the explicit solvent effect on the caespitate conformers. The first level QM was the ωB97X-D3/Def2-TZVP [26,27], adding auxiliar basis sets Def2/J [28] and Def2-TZVP/C [29] for caespitate conformers, while the second layer, a semiempirical with dispersion method XTB2 [30,31], was used for solvent. A cubic box of 30 × 30 × 30 Å containing 31 molecules of each solvent in order to surround the caespitate molecule was built using the AutoSolvate program [32]. The geometric differences between conformers obtained in implicit and explicit solvents were analyzed using the RMSD values. On the most stable and populated caespitate conformers in each phase, the global reactivity and the density topological parameters were analyzed. Frontier molecular orbitals (FMO) and molecular electrostatic potential (MEP) maps were analyzed. The FMO isosurfaces were graphed using an isovalue of 2.0 × 10−2 a.u. The MEP maps were graphed using an isovalue of 4.0 × 10−4 a.u. in a range from −3.0 × 10−2 e a.u.−3 to 3.0 × 10−2 e a.u.−3. The global reactivity indices were calculated using the conceptual-DFT approach [33] from the energies of HOMO and LUMO frontier orbitals through the equations for chemical potential     μ =  E  H O M O   +  E  L U M O   / 2  , electronegativity   χ = −  (   E  H O M O   +  E  L U M O    )  / 2  , hardness   η =  E  L U M O   −  E  H O M O    , softness   s = 1 / η  , and electrophilicity index   ω =  μ 2  / 2 η  . The intramolecular hydrogen bonds (IHBs) were characterized using the QTAIM approach [34], through the topological parameters as electronic density,   ρ  ( r )   , the Laplacian,    ∇ 2  ρ  ( r )   , the Lagrangian kinetic energy, G, the Hamiltonian kinetic energy, H, the potential energy density, V, the interaction energy, EH…Y, the interatomic distance Dinter, the valence angle Ainter, and the delocalization indices, DI, where   H  ( r )  = G  ( r )  − V  ( r )   , and    E  H ⋯ Y   =  1 2  V  ( r )   . Finally, the solvent models were validated using 1H and 13C NMR spectroscopy. NMR calculations were performed using the GIAO method [35]. TMS, the molecule used as a reference, was optimized for the same implicit and explicit models. All optimization, vibrational frequencies, NMR spectroscopy, and wavefunction calculations were performed using the Gaussian 16 program [36]. The ONIOM (QM:XTB2) calculations were performed in the ORCA 5.0.3 program [37]. RMSD values were obtained with the VMD program [38]. The QTAIM analysis was performed with the AIMAll 17.11.14 program [39]. The visualization of results was carried out using GaussView 6.0 [17] and ChemCraft 1.8 [40] programs.




3. Results and Discussion


3.1. Conformational and Population Analyses


After the full optimization, as described in the Computational methodology section, 24 conformers in the gas phase, 10 in water, 26 in chloroform, 33 in acetonitrile, and 34 in DMSO with free energies of ≤2 kcal mol−1 were obtained at the level of theory APFD/6-311+G(2d,p), as shown at Table S1. The relative free energies, ΔG, and population percentages of the five most stable conformers of caespitate in gas and solution phases are shown in Table 1.



In the gas phase, the absolute energy for the lowest-energy conformer G1 is −1111.892 a.u. in comparison with −1105.803 a.u. previously obtained at the HF/6-31G(d,p) level of theory in the gas phase [15], clearly showing the influence of including dispersion for using the APFD functional. In previous works, the importance of including the electronic correlation effect and diffuse functions to adequately describe the IHBs using the B3LYP and MP2 methods has been reported. The results obtained with the HF, B3LYP, and MP2 methods showed similar geometric patterns [10,11,12,13,14,15].



Figure 1 shows the optimized molecular structures of the most stable conformers of caespitate obtained in gas (G1), water (W1), chloroform (C1), acetonitrile (A1), and DMSO (D1) phases. Atom labels are shown. In gas (G1) and chloroform (C1), the conformers show extended conformations, while in water (W1), acetonitrile (A1) and DMSO (D1) have hairpin conformations. Two types of intramolecular hydrogen bonds (IHBs) are observed in the structures. The first IHB is formed via the sp2 oxygen atom of the acyl group with the H atoms of the ortho hydroxyl OH groups, in this case, between O12–H13···O15 for G1, W1, C1, and A1, or O10–H11···O15 for D1. The second IHB is formed with the sp2 oxygen atom of the prenyl chain and the hydrogen atom of the hydroxyl OH group, in this case, O8–H9···O41 for G1 and C1, and O12–H13···O41 for D1; see Figure 1. It is observed that extended conformations G1 and C1 and hairpin conformation D1 preserve both IHBs, while W1 and A1 only maintain one IHB. These conformations are in agreement with the most stable geometries previously reported at HF, B3LYP, and MP2 calculations in gas and water, chloroform, and acetonitrile solution phases [15]. Figure S1 shows the five lowest-energy conformers optimized in each phase. The five lowest-energy conformers optimized in the gas phase (G1–G5) maintain both IHBs. The same behavior occurs for the conformers in chloroform (C1–C5) and DMSO (D1–D5). For conformers in the acetonitrile phase, only four out of five (A2–A5) retain both IHBs, and for conformers in the water phase, only one conformer out of five (W2) retains both IHBs. It is observed that the conformers with extended conformation retain both IHBs in gas and solution implicit phases, while the conformers with hairpin conformation retain both IHBs in gas, chloroform, and DMSO, and hairpin conformations with only IHB are found in water and acetonitrile. In the gas phase, the extended conformation is dominant, while in the solution phase, the hairpin conformation is dominant. These results do not follow exactly the same trend previously reported [15], where it is mentioned that the number of lowest-energy conformers having both IHB decreases as the polarity of the medium increases, i.e., in chloroform and acetonitrile phases, there are more stable conformations with two IHB than in water solutions, which only contain one IHB.



In general, the conformations generated in this work with hybrid MM and DFT methods (86 conformers with energies ≤ 6 kcal mol−1) are in agreement with those obtained in gas and water, chloroform, and acetonitrile with the PCM model [15], calculated at the HF/6-31G(d,p) level of theory with energies ≤ 10 kcal mol−1.



The results of the population analysis show that in the gas phase, the G1 conformer is the most populated with 24.60%, but G2 and G3 are significantly populated with 23.65% and 19.88%, respectively; therefore, the three lowest-energy conformers represent 68.10% of the total population. This population is lower than that reported previously of 76.60% for the most stable conformer in gas, and the following conformers are 18.30% and 1.30% [15]. According to the solution results, in water, W1 is the most populated with 26.50%, and the following conformers have populations between 10.72 and 17.19%. In chloroform, C1 is the most populated conformer with 49.10%, C2 has a significant population of 22.76%, and C3–C5 decrease considerably with values in the range of 5.58–6.37%. In acetonitrile, the conformer A1 is the most populated with 20.25%, and the following conformers A2–A5 have similar populations in the range of 11.96–15.54%. Finally, for DMSO, D1 is the most populated with 23.62%. D2 is similarly populated as D1, with 21.66%. The following conformers (D3–D5) decrease in population with values between 7.09 and 13.10%. In general, with these results, it is possible to observe that the extended conformation, which preserves both IHBs, is the dominant conformation in the gas phase (G1) and chloroform solution phase (C1); see Table 1.




3.2. ONIOM DFT


The total energies obtained with the ONIOM (ωB97X-D3/Def2-TZVP:XTB2) method of the explicit solute-solvent systems were obtained from more stable structures optimized in gas (see Figure S2) and solution implicit phases (see Figure 2). In Table 2, the total energies of the different systems with 31 molecules of each explicit solvent are compared. The optimized geometries of the explicit solute-solvent systems were characterized as energetic minimal structures with a vibrational frequency analysis (   ν i  > 0  ).



It is observed that the energy is stabilized when the gas phase conformation G1 turns into solvent phase conformations (from the W1, C1, and A1 conformers), except when surrounded by 31 molecules of DMSO (from the D1 conformer). For the most stable conformer in chloroform, C1E, the stabilization energy (the most negative value) is −4.97 kcal mol−1, while for the W1E, A1E, and D1E conformers, the stabilization energy is −0.33, −2.03, and 1.41 kcal mol−1, respectively.



The results show that the 31 molecules of chloroform provide higher stability to caespitate, which has extended form in implicit solvent (see C1 in Figure 1) as well as in explicit solvent (see CG1E and C1E in Figure 2 and Figure S2, respectively). On the other hand, the 31 molecules of water and acetonitrile favor the hairpin form (see W1E and A1E in Figure 2). Contrary to this, in the DMSO conformer, the stability energy was the highest (1.41 kcal mol−1), indicating the extended form (see DG1E in Figure S2) is preferentially favored over the hairpin form (see D1E in Figure 2) and therefore suggesting that the caespitate conformers in DMSO could preferentially exist in extended form surrounded solvent molecules. Additionally, the energetic stability, considering the gas phase structure (G1) as the implicit solvent phase structures (W1, C1, A1, and D1) as the initial guess, presents the same trend in stability in each solvent in the explicit model: ECG1E/EC1E > EDG1E/ED1E > EAG1E/EA1E > EWG1E/EW1E.



The selected distances and angles for both implicit and explicit solvents are shown in Table 3. In general, the conformers surrounded by explicit solvent molecules of caespitate maintain their conformation like that obtained in an implicit solvent. It can be observed that there is a slight increment in the bond lengths of the hydrogen bonds and a slight decrease in the valence angles in the explicit solvent. Also, in dihedral angles, there is a variation in the angle O15–C14–C6–C5, indicating that the O15 atom is found in the plane of the aromatic ring of phloroglucinol in conformers in explicit solvent rather than in implicit solvent. In general, the prenylated chain maintains its position, given the angle, except for the conformer in chloroform, C1E, with the largest variation of approximately 20°.



The variation between conformers in implicit and explicit solvents was also analyzed by RMSD value, where it was observed that conformer G1, surrounded by 31 molecules of each solvent, WG1E, CG1E, AG1E, and DG1E, maintains the extended G1 conformation with RMSD values of 0.19 to 0.79 Å (see Figure S3), with the largest variation in DMSO (see DG1E in Figure S3). The conformers WG1E, CG1E, and AG1E maintain both IHBs similar to conformer G1, while DG1E only maintains the second IHB (see Figure S3). On the other hand, the variation of the conformers W1, C1, A1, and D1 surrounded by their corresponding explicit solvent has RMSD values of 0.22 to 0.73 Å (see Figure 3), with the largest variation using water as explicit solvent (see W1E in Figure 3). The conformers W1E and A1E have hairpin conformation, maintaining the first IHB, while D1E, also in hairpin conformation, maintains both IHBs, similarly as in the implicit solvent systems (see W1, A1, and D1 in Figure 1). C1E maintains the extended conformation and both IHBs as in the implicit solvent (see C1, Figure 1).




3.3. Global Reactivity Indices


The conceptual DFT approach [33] was used to analyze the global reactivity descriptors: chemical potential (μ), electronegativity (χ), hardness (η), softness (S), and the electrophilicity index (ω) from the FMO energies, EHOMO and ELUMO, for the most stable conformers of caespitate in gas and implicit and explicit solution phases. Table 4 presents the results.



The HOMO energy value is −6.12 in the gas phase for G1, while in the implicit and explicit solution they are in a similar range of  ≅ −6.26 to −6.15 eV. The C1 and D1 conformers have higher HOMO energy values in implicit solvent, while in explicit solvent, the highest HOMO value corresponds to the acetonitrile conformer A1E. These values are related to the electron donor’s ability. A higher HOMO value indicates that these conformers have a higher electron donor behavior compared to the others. C1 has an extended form with two IHBs, while D1 and A1E have a hairpin conformation retaining two IHBs and one IHB, respectively; see Figure 3. On the other hand, the LUMO energy value is −1.28 eV in the gas phase for G1, while the implicit solvent and explicit solvent have values in the range of −1.61 to −1.39 eV and −1.50 to −1.38 eV, respectively. The lowest LUMO energy values correspond to the conformers in water (W1 and W1E). Both conformers in water have a hairpin conformation with the first IHB; see Figure 3. Small LUMO energy values indicate higher electron affinity or electron withdrawing ability.



Figure S4 shows the distribution of the FOM of the most stable conformers in gas and implicit solution phases. A similar distribution of the HOMO orbitals is observed in the conformers G1 and C1, with higher contributions of the OH groups in ortho position and of the phenyl ring, both with extended conformation, while the HOMO orbitals of the conformers W1, A1, and D1 show a similar distribution with higher contributions of the three OH groups of the phenyl ring, the carbonyl group, and the phenyl ring. In this case, all of them have a hairpin conformation. LUMO orbitals have a similar distribution in G1, C1, and D1 conformers, with major contributions attributed to the OH, carbonyl, and aromatic ring groups. No contribution from the prenylated chain is observed. In conformers W1 and A1, higher contributions from the OH groups, the acyl group, and the aromatic ring are observed. In Figure S5, for the distribution of the FOM of caespitate conformers obtained from systems with explicit solvent, a similar distribution of the HOMO orbitals for conformers C1E and A1E is observed, with a higher contribution of the aromatic ring and the OH groups, while the HOMO orbitals of conformers W1E and D1E show additional contributions of the prenylated chain. For the distribution of the LUMO orbitals, in W1E, C1E, and D1E, they are similar, with higher contributions of carbonyl, OH, and aromatic rings, and the contribution of the prenylated chain is not observed, while in A1E a smaller contribution of the methyl groups linked to the acyl group is observed. In general, the distributions of the HOMO and LUMO orbitals are similar in implicit solvent as well as explicit solvent.



With respect to the values of the global reactivity descriptors, the highest value of the chemical potential, μ, corresponds to the conformer G1 ( ≅ −3.70 eV) in the gas phase, while in the implicit solution, the conformers in chloroform and DMSO, C1 and D1 ( ≅ −3.78 eV), have slightly higher values than the rest of them. Conformers C1E, A1E, and D1E have a slightly higher value ( ≅ −3.80 eV) than W1E in explicit solvent. These values represent higher electron density exchange with the surroundings. Conversely, these conformers have the lowest electronegativity values, χ, i.e., they present the lowest resistance to electron density loss. The conformers with higher values of hardness, η, are G1 ( ≅ 4.83 eV) in the gas phase, C1 and D1 ( ≅ 4.73–4.76 eV) in the implicit solvent, and C1E ( ≅ 4.84 eV) in the explicit solvent, indicating that these conformers present more resistance to change their electronic distribution. Contrary, W1/W1E and A1/A1E ( ≅ 0.21 eV) in implicit/explicit solvents have slightly higher softness values, s, than in the other solvents and in the gas phase (0.20 eV), indicating that these conformers can easily modify their electron density. On the other hand, the conformers with the highest electrophilicity index, ω, are W1/W1E (1.66 and 1.59 eV, respectively) in implicit/explicit solvents, which indicates better electrophilic behavior. These values are higher by approximately two eV with respect to the value of G1 in the gas phase ( ≅ 1.42 eV).



The use of global reactivity descriptors is common in predicting the activity of antimicrobial compounds [41,42,43,44]. For example, the electrophilicity index, ω, has been used in the evaluation of the toxicity of molecules with anti-microbial activity, allowing the quantification of the drug-receptor biological interaction [45]. A low value of the electrophilicity index, ω, is related to low toxicity [43,44]. In our case, the caespitate conformers, both in implicit and explicit chloroform solvents, C1 and C1E, show a lower value of ω, suggesting a lower toxicity with respect to the other conformers.



Figure S6 shows the molecular electrostatic potential (MEP) map in the gas and implicit solution phases. It is observed that the highest electron density (red regions) is concentrated on the O atom of the –OH group in the para position of the aromatic ring and slightly on the O atom of the acyl group in the conformers W1 and A1, while in the conformers G1, C1, and D1, the highest electron density is concentrated on the O atom of the acyl group and the O atoms of the three –OH groups of the aromatic ring. The electron density-deficient zones (blue regions) are around the H atom of the –OH group in the ortho position in the conformers G1, W1, C1, and A1, while in D1 it is around the H atom of the –OH group in the para position. In both cases, this H atom does not form a hydrogen bond. Another area of low electron density is on the methyl ester group of the prenylated chain in all conformers. Figure S7 shows the MEP map from explicit solution systems. In general, the highest electron density is concentrated on the aromatic ring, the O atom of the –OH groups in the ortho and para positions of the aromatic ring, the O atom of the acyl group, and the O atom of the ester group of the prenylated chain of the conformers C1E and D1E, while in the conformers W1E and A1E, the highest electron density is concentrated on the O atom of the carbonyl group and the O atom of the ester group of the prenylated chain. The electron density-deficient zones are observed in the prenylated chain in conformers C1E and D1E, while for W1E and A1E, these regions are observed on the methyl groups and some protons of the aromatic ring.




3.4. Density Topological Parameters


Intramolecular hydrogen bonds (IHBs) are particularly relevant for biologically active molecules due to their roles in molecular recognition, anticancer activity, chemical selectivity, and interactions between the molecule and its biological target [46,47,48,49]. The interesting ability of the Z isomer of caespitate to form two IHBs has been studied in previous works [9,10,11,12,14,15,49], in comparison with its E isomer, which forms only one IHB. Specifically, it has been shown that the formation of the second IHB dominates the conformational preferences in the gas and solvent phases [15]. It could explain the bioactivity associated with the Z isomer. The first IHB is formed by O15⋯H13 in G1, W1/W1E, C1/C1E, and A1/A1E, or O15⋯H11 in D1/D1E conformers. The second IHB is formed by O41⋯H9 in G1 and C1/C1E, or O41⋯H13 in D1/D1E; see Figure 4 and Figure 5. Figure 4 and Figure 5 show the molecular graphs of the most stable conformers in gas and the implicit and explicit solution phases. Bond critical points (BCPs) are indicated in green dots, and ring critical points (RCPs) are indicated in purple dots. Table 5 shows the values of the electron density,   ρ  ( r )   , the Laplacian of the electron density,    ∇ 2  ρ  ( r )   , the Lagrangian kinetic energy,   G  ( r )   , the potential energy density,   V  ( r )   , the Hamiltonian kinetic energy,   H  ( r )   , the interaction energy,    E  H ⋯ Y    , the interatomic distance, Dinter, the valence angle, Ainter, and the delocalization indices, DI, of the BPCs corresponding to both IHBs. The electron density values,   ρ  ( r )   , of the bond critical points (BCP) and of the ring critical points (RCP) show the formation of non-covalent O⋯H bonds and the formation of stable rings in all conformers. The first IHB corresponds to BCP O15⋯H13 for G1, W1, C1, and A1, and BCP O15⋯H11 for D1 with   ρ  ( r )    values in the range 0.079 to 0.083 a.u., while the second IHB corresponds to BCP O41⋯H9 for conformers G1 and C1, and BCP O41⋯H13 for D1 with   ρ  ( r )    values from 0.026 to 0.030 a.u. in explicit solvent, to BCP O15⋯H13 for A1E, C1E, and Ac1E, and O15⋯H11 for D1E the   ρ  ( r )    values in the range 0.038 to 0.076 a.u., while BCP O41⋯H9 of C1E and BCP O41⋯H13 for D1 have values of 0.022 to 0.029 a.u. In both cases, for implicit and explicit models, it indicates that the first IHB is stronger than the second one. Also, positive values of    ∇ 2  ρ  ( r )    on BCPs confirm the existence of weak or medium-strength non-covalent hydrogen bonds, exhibiting a local depletion of density (   ∇ 2  ρ  ( r )  > 0 )   [50]. In addition, the positive sign of the   H  ( r )    parameter indicates that the accumulation of charge density on the hydrogen bond has a destabilizing effect (  H  ( r )    > 0) [51].   H  ( r )    is interpreted as a consequence of the charge density accumulation at the interaction BCP [52]. Weak or medium-strength hydrogen bonds show positive values of    ∇ 2  ρ  ( r )    and   H  ( r )    [53]. The interaction energy values,    E  H ⋯ Y    , for the first IHB, is in the range of 28.43 to 30.47 kcal mol−1, with conformer A1 having the highest magnitude for implicit solvent. For explicit solvent, the    E  H ⋯ Y     values are in the range of 10.61 to 27.29 kcal mol−1, with A1E having the highest value. For the second IHB of conformers G1, C1, and D1, the values are in the range of 6.62 to 7.72 kcal mol−1, with C1 being the conformer with the highest value. For the explicit solvent, the    E  H ⋯ Y     values are in the range of 5.21 to 7.65 kcal mol−1, with C1E with the highest value. For both implicit and explicit models, the    E  H ⋯ Y     values of the first IHB are clearly higher than those of the second IHB, indicating that the first IHB has a greater stabilizing effect compared to the second IHB. The hydrogen bond strength classification indicates that strong hydrogen bonds have an energy of 15–40 kcal mol−1 and medium-strength hydrogen bonds have an energy of 4–15 kcal mol−1 [54]. According to this classification, the first IHB is a strong hydrogen bond, and the second is a medium-strength hydrogen bond. On the other hand, the delocalization indices, DI, have values <1.0, corresponding to non-covalent interactions for both IHBs. The DI for the BCP of the covalent bonds, O12–H13 and O10–H11, have values of ≅1.0 a.u., indicating that these bonds have the strength of a single bond, and the H13 and H11 atoms do not contribute to a great extent to the formation of the hydrogen bond with the O15 atom. The bond distances of both hydrogen bonds O⋯H, Dinter ≅ 1.50 and 1.80 Å, for the implicit model, and Dinter ≅ 1.52–1.56 and 1.81-1.93 Å for the explicit model, indicate that they could be strong bonds; however, the valence angles H–O⋯H are not optimal (Ainter ≅ 142.5–156.0° for the implicit model, and 146.6–156.1° for the explicit model) for the formation of strong hydrogen bonds, which should have a value close to 180° [55]. With respect to   ρ  ( r )    in the RCPs, the values of the first IHB of all conformers are similar, in the range of 0.0239–0.0243 a.u. for the implicit solvent and 0.0198–0.0238 a.u. for the explicit solvent; the values of   ρ  ( r )    in the RCP of the second IHB are 0.0079–0.0091 a.u. for the implicit solvent, and 0.0085–0.0098 a.u. for the explicit solvent, showing that the ring structures formed by the hydrogen bond O15⋯H13 or O15⋯H11 stabilize the structure in the same order at all implicit and explicit conformers, while the ring in conformers G1 and C1/C1E with the formation of O41⋯H9, and D1/D1E with the formation of O41⋯H13 do not contribute significantly to the stabilization of the system. Other non-covalent interactions of electrostatic type are also observed, including the interaction formed between the hydrogen atoms of the methyl group of the acyl group and the oxygen atoms of the OH groups in the ortho position, which does not form the first IHB, and some other interactions in the prenylated chain; see Figure 4 and Figure 5. In general, the interaction energies,    E  H ⋯ Y    , of the explicit solvent systems are smaller (10.60–27.30 kcal mol−1 for the first IHB and 5.20–6.55 kcal mol−1 for the second IHB) with respect to those obtained with the implicit solvent model (28.43–30.37 kcal mol−1 for the first IHB and 6.62–7.72 kcal mol−1 for the second IHB), which can be explained due to the non-covalent interactions between solvent molecules that surround the caespitate molecule in the systems W1E, C1E, A1E, and D1E.




3.5. Validation of the Solvent Models by NMR Spectroscopy


To validate our results regarding the structure of the most stable conformers of caespitate considering the implicit and explicit solvent, calculations of the 1H and 13C NMR spectra were performed and compared with the experimental spectra at chloroform solvent [3]. Chemical shifts (δ) of 1H and 13C are reported in ppm using tetramethylsilane (TMS) as a reference. A correlation of the calculated values with the experimental data is carried out in order to validate the level of theory used and confirm that the chemical shifts correspond to the extended conformation of caespitate in the gas phase (G1) and chloroform solvent using implicit and explicit models (C1 and C1E). Table 6 and Table 7 show the experimental (δExp), calculated (δCalc), and recalculated (δRecalc) chemical shift values of the 1H and 13C NMR spectra, respectively. The δrecalc values were estimated through a simple linear regression equation, δRecalc = (δCalc−b)/m, with slope m and the intercept b [56]. Calculated chemical shifts using the APFD/6-311+G(2d,p) level of theory at the gas phase and implicit and explicit solvent models in chloroform were used to perform the fundamental assignments of caespitate according to Figure 6.



The chemical shift (δ) calculations for the extended conformer of caespitate (G1, C1, and C1E) were carried out to validate the methodology used in this work and verify that the extended conformation of caespitate was the most stable reported experimentally [3]. The values in Table 6 and Table 7 show a clear correlation between the experimental, calculated, and recalculated values. Using the parameters in the simple linear regression equation, it was possible to estimate values of the correlation coefficients R2 in the range of 0.9753 to 0.9995 for 1H and of 0.9986 to 0.9991 for 13C-NMR chemical shifts. In Table 6, for 1H-NMR δ, some values were overestimated with respect to the experimental data; however, considering the implicit solvent, several values were improved, and finally, taking into account the explicit solvent, most of the values were in good agreement with the experimental data. In Table 7, a similar trend is observed for 13C-NMR δ. In the gas phase, some values were overestimated with respect to the experimental data, but considering the implicit solvent, the results were improved, and finally, the best concordance was found for explicit solvent results.





4. Conclusions


In this work, 86 caespitate conformers were generated using the MM with relative energy values ΔE ≤ 6 kcal mol−1. Posteriorly, DFT optimization calculations at the APFD/6-31+G(d) level of theory were used to obtain the structures with energies ΔE ≤ 4 kcal mol−1. Subsequently, a higher level of theory, APFD/6-311+G(2d,p), was employed as a second filter, where the optimization and calculation of vibrational frequencies were performed to obtain stable structures with energies ΔE ≤ 2 kcal mol−1. Calculations were carried out both in the gas phase and implicit solution phases with different solvents, including water, chloroform, acetonitrile, and DMSO. In the gas phase (G), a total of 24 conformers were obtained, while in the water phase (W), 10 conformers, 26 conformers in chloroform (C), 33 conformers in acetonitrile (A), and 34 conformers in DMSO (D) were identified. The most stable structures in each phase presented extended conformation in the gas phase (G1) and in chloroform (C1), while in water (W1), acetonitrile (A1) and DMSO (D1) had a hairpin conformation. The extended forms G1 and C1 showed two intramolecular hydrogen bonds (IHBs), whereas in the hairpin conformations, only D1 showed both hydrogen bonds, while W1 and A1 showed only one IHB. Population analysis based on the Boltzmann distribution revealed the prevalence of the extended conformation, which preserved both IHBs. The extended conformation was predominant in the gas phase (G1) with 24.60% and in the implicit chloroform solution (C1) with 49.10%. To assess the explicit solvent influence in caespitate conformers, systems surrounded by 31 molecules for each solvent were constructed using the ONIOM methodology (ωB97X-D3/Def2-TZVP:XTB2). Optimized structures were obtained from the caespitate in the gas phase (WG1E, CG1E, AG1E, and DG1E), as well as from the implicit solvent structures (W1E, C1E, A1E, and D1E). The results showed a greater stabilization energy of –4.97 kcal mol−1 for caespitate when surrounded by chloroform compared to the other solvents. Additionally, the stability order of both considering the conformer in the gas phase structure (G1) and the most stable implicit solvent structures (W1, C1, A1, and D1) followed the same trend: ECG1E/EC1E > EDG1E/ED1E > EAG1E/EA1E > EWG1E/EW1E. In general, the caespitate conformers maintained a conformation similar to that obtained in the implicit solvent when surrounded by each of the solvents explicitly. It was confirmed through the assessment of RMSD values between each pair of conformers in implicit and explicit solvents. Global reactivity descriptors were analyzed using the conceptual DFT approach from the FOM HOMO and LUMO energies. In general, the global reactivity indices exhibited slightly higher values in explicit solvent compared to those in implicit solvent. On the other hand, the QTAIM analysis was employed for characterizing the IHBs in the caespitate structures. The EH...Y interaction energies were lower in the systems with explicit solvent compared to those obtained with implicit solvent. This can be attributed to the non-covalent interactions between the solvent molecules surrounding the caespitate molecule in the W1E, C1E, A1E, and D1E systems. Finally, NMR spectroscopy was used to validate the methods. In both 1H and 13C-NMR δ, in the gas phase, some values overestimated the experimental data; however, considering both implicit and explicit solvents, the results were better fitted to experimental values. The correlation coefficients confirmed the good concordance between calculated and experimental data, validating the methodology used in this work.
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Figure 1. Molecular structures of the most stable conformers of caespitate calculated at the APFD/6-311+G(2d,p) level of theory in gas and solution phases with the SMD implicit model in gas (G1), water (W1), chloroform (C1), acetonitrile (A1), and DMSO (D1) phases. 
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Figure 2. Optimized geometries of the caespitate—explicit solvent systems calculated with the ONIOM (ωB97X-D3/Def2-TZVP:XTB2) method obtained from the most stable conformers in implicit solution in water (W1E), chloroform (C1E), acetonitrile (A1E), and DMSO (D1E). 






Figure 2. Optimized geometries of the caespitate—explicit solvent systems calculated with the ONIOM (ωB97X-D3/Def2-TZVP:XTB2) method obtained from the most stable conformers in implicit solution in water (W1E), chloroform (C1E), acetonitrile (A1E), and DMSO (D1E).
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Figure 3. Comparison of the optimized structures of the most stable conformer in implicit solvent, water (W1), chloroform (C1), acetonitrile (A1), and DMSO (D1) (in red color), with the corresponding structure in explicit solvent, in water (W1E), chloroform (C1E), acetonitrile (A1E), and DMSO (D1E) (in blue color). 
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Figure 4. Molecular graphs of the most stable conformers of caespitate calculated at the APFD/6-311+G(2d,p) level of theory in gas and solution phases. Gas (G1), water (W1), chloroform (C1), acetonitrile (A1), and DMSO (D1) phases. 
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Figure 5. Molecular graphs of the caespitate conformers calculated with the ONIOM (ωB97X-D3/Def2—TZVP:XTB2) method with explicit solvent obtained from the most stable conformers in implicit solution in water (W1E), chloroform (C1E), acetonitrile (A1E), and DMSO (D1E). 
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Figure 6. Structure of caespitate for 1H and 13C NMR chemical shifts δ assignation. 
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Table 1. Relative free energy (ΔG, kcal mol−1), population (%), and formation of IHBs of the most stable conformers of caespitate calculated at the APFD/6-311+G(2d,p) level of theory in gas and solution phases with the SMD implicit model.
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Conformer

	
ΔG

	
Population

	
Conformation

	
No. of IHBs






	

	
Gas




	
G1

	
0.0000

	
24.60

	
Extended

	
2 IHBs




	
G2

	
0.0063

	
23.65

	
Extended

	
2 IHBs




	
G3

	
0.6903

	
19.88

	
Extended

	
2 IHBs




	
G4

	
0.8063

	
6.73

	
Hairpin

	
2 IHBs




	
G5

	
0.8120

	
6.31

	
Hairpin

	
2 IHBs




	

	
Water




	
W1

	
0.0000

	
26.50

	
Hairpin

	
1 IHB




	
W2

	
0.0454

	
17.19

	
Hairpin

	
2 IHBs




	
W3

	
0.0554

	
15.18

	
Hairpin

	
1 IHB




	
W4

	
0.2789

	
14.10

	
Hairpin

	
1 IHB




	
W5

	
0.3094

	
10.72

	
Hairpin

	
1 IHB




	

	
Chloroform




	
C1

	
0.0000

	
49.10

	
Extended

	
2 IHBs




	
C2

	
0.0211

	
22.76

	
Extended

	
2 IHBs




	
C3

	
0.3750

	
6.37

	
Hairpin

	
2 IHBs




	
C4

	
0.3795

	
5.95

	
Hairpin

	
2 IHBs




	
C5

	
0.4444

	
5.58

	
Hairpin

	
2 IHBs




	

	
Acetonitrile




	
A1

	
0.0000

	
20.25

	
Hairpin

	
1 IHB




	
A2

	
0.0076

	
15.54

	
Extended

	
2 IHBs




	
A3

	
0.0128

	
14.94

	
Hairpin

	
2 IHBs




	
A4

	
0.2904

	
14.34

	
Extended

	
2 IHBs




	
A5

	
0.3806

	
11.96

	
Extended

	
2 IHBs




	

	
DMSO




	
D1

	
0.0000

	
23.62

	
Hairpin

	
2 IHBs




	
D2

	
0.0905

	
21.66

	
Extended

	
2 IHBs




	
D3

	
0.1074

	
13.10

	
Extended

	
2 IHBs




	
D4

	
0.3467

	
7.18

	
Hairpin

	
2 IHBs




	
D5

	
0.4277

	
7.09

	
Hairpin

	
2 IHBs











 





Table 2. Total (a.u.) and relative (kcal mol−1) energies of the most stable conformers of caespitate calculated with the ONIOM (ωB97X-D3/Def2-TZVP:XTB2) method in explicit solution, including explicit water (WG1E/W1E), explicit chloroform (CG1E/C1E), explicit acetonitrile (AG1E/A1E), and explicit DMSO (DG1E/D1E) phases.
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	Explicit Solvent
	Gas Phase a
	Implicit Solvent b
	ΔE





	WG1E/W1E
	−1270.265219
	−1270.265739
	−0.33



	CG1E/C1E
	−1617.743739
	−1617.751660
	−4.79



	AG1E/A1E
	−1382.303840
	−1382.307069
	−2.03



	DG1E/D1E
	−1566.503477
	−1566.501234
	+1.41







a Initial geometry is the optimized G1 in the gas phase. b Initial geometry corresponds to the optimized implicit solution corresponding to water (W1), chloroform (C1), acetonitrile (A1), and DMSO (D1).













 





Table 3. Selected parameters (bond lengths in Å, angles in degrees) of the most stable conformers of caespitate calculated at the APFD/6-311+G(2d,p) level of theory and ONIOM (ωB97X-D3/Def2–TZVP:XTB2) in solution phases.
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APFD/6-311+G(2d,p)




	

	
Implicit solvent




	
Parameters

	
W1

	
C1

	
A1

	
D1




	
O15···H13

	
1.501

	
1.493

	
1.483

	
-




	
O15···H11

	
-

	
-

	
-

	
1.503




	
O41···H9

	
-

	
1.813

	
-

	
-




	
O41···H13

	
-

	
-

	
-

	
1.868




	
O15···H13–O12

	
153.17

	
153.44

	
154.00

	
-




	
O15···H11–O10

	
-

	
-

	
-

	
152.94




	
O41···H9–O8

	
-

	
150.45

	
-

	
-




	
O41···H13–O12

	
-

	
-

	
-

	
142.44




	
O15–C14–C6–C5

	
−10.60

	
−0.80

	
−0.45

	
179.11




	
C5–C4–C26–C29

	
−115.87

	
95.57

	
−123.20

	
−71.74




	

	
ONIOM (ωB97X-D3/Def2-TZVP:XTB2)




	

	
Explicit solvent




	
Parameters

	
W1E

	
C1E

	
A1E

	
D1E




	
O15···H13

	
1.791

	
1.642

	
1.516

	
-




	
O15···H11

	
-

	
-

	
-

	
1.556




	
O41···H9

	
-

	
1.810

	
-

	
-




	
O41···H13

	
-

	
-

	
-

	
1.928




	
O15···H13–O12

	
141.43

	
147.72

	
152.85

	
-




	
O15···H11–O10

	
-

	
-

	
-

	
150.47




	
O41···H9–O8

	
-

	
156.14

	
-

	
-




	
O41···H13–O12

	
-

	
-

	
-

	
146.58




	
O15–C14–C6–C5

	
−30.10

	
−24.19

	
9.84

	
−171.75




	
C5–C4–C26–C29

	
−111.71

	
75.08

	
−122.02

	
−73.97











 





Table 4. HOMO and LUMO energies and global reactivity descriptors (eV) of the most stable conformers of caespitate calculated at the APFD/6-311+G(2d,p) level of theory in gas and implicit and explicit solution phases.
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Conformer

	
HOMO

	
LUMO

	
μ

	
χ

	
η

	
s

	
ω






	

	
Gas




	
G1

	
−6.1177

	
−1.2833

	
−3.7005

	
3.7005

	
4.8344

	
0.2069

	
1.4163




	

	
Implicit solvent




	
W1

	
−6.2584

	
−1.6068

	
−3.9326

	
3.9326

	
4.6516

	
0.2150

	
1.6624




	
C1

	
−6.1542

	
−1.3870

	
−3.7706

	
3.7706

	
4.7672

	
0.2098

	
1.4912




	
A1

	
−6.1615

	
−1.4653

	
−3.8134

	
3.8134

	
4.6962

	
0.2129

	
1.5483




	
D1

	
−6.1542

	
−1.4199

	
−3.7870

	
3.7870

	
4.7343

	
0.2112

	
1.5147




	

	
Explicit solvent




	
W1E

	
−6.2600

	
−1.5056

	
−3.8828

	
3.8828

	
4.7544

	
0.2103

	
1.5854




	
C1E

	
−6.2240

	
−1.3815

	
−3.8028

	
3.8028

	
4.8425

	
0.2065

	
1.4931




	
A1E

	
−6.1590

	
−1.4414

	
−3.8002

	
3.8002

	
4.7176

	
0.2120

	
1.5306




	
D1E

	
−6.1971

	
−1.4185

	
−3.8078

	
3.8078

	
4.7786

	
0.2093

	
1.5171











 





Table 5. Topological parameters (a.u.), EH…Y (kcal mol−1), interatomic distances (Dinter, Å), and valence angles (Ainter, °) of the most stable conformers of caespitate calculated in implicit solvent at the APFD/6-311+G(2d,p) level of theory and in explicit solvent at the APFD/6-311+G(2d,p)//ONIOM (ωB97X-D3/Def2-TZVP:XTB2) level of theory in the gas phase (G1); in the implicit solvent: water (W1), chloroform (C1), acetonitrile (A1), and DMSO (D1) phases; and in the explicit solvent: water (W1E), chloroform (C1E), acetonitrile (A1E), and DMSO (D1E) phases.
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Conformer

	
BCP

	
  ρ  (r)

	
   ∇ 2  ρ  (r)

	
G(r)

	
V(r)

	
H(r)

	
EH…Y

	
Dinter

	
Ainter

	
DI

	
RCP






	

	

	
Gas phase

	

	

	




	
G1

	
O15 ⋯ H13

	
0.0792

	
0.1694

	
0.0666

	
−0.0908

	
0.1574

	
28.49

	
1.50190

	
152.76

	
0.1542

	
0.0241




	
O41 ⋯ H9

	
0.0289

	
0.1195

	
0.0269

	
−0.0240

	
0.0509

	
7.53

	
1.81314

	
155.80

	
0.0693

	
0.0091




	

	

	
Implicit solvent

	

	

	




	
W1

	
O15 ⋯ H13

	
0.0789

	
0.1700

	
0.0665

	
−0.0906

	
0.1571

	
28.43

	
1.50109

	
153.17

	
0.1528

	
0.0239




	
C1

	
O15 ⋯ H13

	
0.0813

	
0.1701

	
0.0682

	
−0.0939

	
0.1621

	
29.46

	
1.49256

	
153.44

	
0.1579

	
0.0242




	
O41 ⋯ H9

	
0.0294

	
0.1205

	
0.0274

	
−0.0246

	
0.0520

	
7.72

	
1.81260

	
150.45

	
0.0698

	
0.0082




	
A1

	
O15 ⋯ H13

	
0.0833

	
0.1701

	
0.0698

	
−0.0971

	
0.1669

	
30.47

	
1.48306

	
154.00

	
0.1605

	
0.0243




	
D1

	
O15 ⋯ H11

	
0.0793

	
0.1704

	
0.0668

	
−0.0910

	
0.1580

	
28.54

	
1.50269

	
152.94

	
0.1555

	
0.0240




	
O41 ⋯ H13

	
0.0263

	
0.1095

	
0.0242

	
−0.0211

	
0.0450

	
6.62

	
1.86758

	
142.44

	
0.0501

	
0.0079




	

	

	
Explicit solvent

	

	

	




	
W1E

	
O15 ⋯ H13

	
0.0379

	
0.1299

	
0.0331

	
−0.0338

	
0.0669

	
10.605

	
1.516

	
152.84

	
0.0839

	
0.0198




	
C1E

	
O15 ⋯ H13

	
0.0550

	
0.1561

	
0.0476

	
−0.0562

	
0.1038

	
17.633

	
1.642

	
147.71

	
0.1178

	
0.0221




	
O41 ⋯ H9

	
0.0293

	
0.1197

	
0.0271

	
−0.0244

	
0.0515

	
7.655

	
1.809

	
156.13

	
0.0712

	
0.0098




	
A1E

	
O15 ⋯ H13

	
0.0762

	
0.1731

	
0.0651

	
−0.0870

	
0.1521

	
27.296

	
1.516

	
152.84

	
0.1480

	
0.0238




	
D1E

	
O15 ⋯ H11

	
0.0689

	
0.1688

	
0.0591

	
−0.0760

	
0.1351

	
23.845

	
1.556

	
150.46

	
0.1398

	
0.0231




	
O41 ⋯ H13

	
0.0220

	
0.0949

	
0.0202

	
−0.0166

	
0.0368

	
5.208

	
1.927

	
146.58

	
0.0532

	
0.0085











 





Table 6. Experimental, calculated, and recalculated 1H-NMR chemical shifts δ (ppm) with respect to TMS of the most stable conformer of caespitate calculated at the APFD/6-311+G(2d,p) level of theory in gas and implicit and explicit solution phases.
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Experimental

	
Gas Phase

	
Implicit Solvent

	
Explicit Solvent




	
Assignment

	
δExp.

	
δCalc.

	
δRecalc. a

	
δCalc.

	
δRecalc. b

	
δCalc.

	
δRecalc. c






	
3H, d, C3H–C1

	
1.17

	
1.092

	
1.520

	
0.906

	
1.014

	
1.111

	
1.202




	
3H, d, C3H–C2

	
1.17

	
1.209

	
1.614

	
1.075

	
1.183

	
1.124

	
1.216




	
3H, s, =C5–C4

	
1.73

	
1.782

	
2.077

	
1.722

	
1.836

	
1.637

	
1.731




	
3H, s, CO2–C6

	
2.12

	
2.169

	
2.391

	
1.934

	
2.049

	
2.038

	
2.133




	
2H, brd, C9–C7

	
3.40

	
3.760

	
3.678

	
3.339

	
3.464

	
3.309

	
3.410




	
1H, septupl, C3H

	
3.96

	
3.899

	
3.790

	
3.606

	
3.733

	
3.853

	
3.956




	
2H, s, H–C8

	
4.79

	
4.875

	
4.580

	
4.803

	
4.938

	
4.507

	
4.613




	
1H, brt, H–C9

	
5.49

	
5.506

	
5.090

	
5.957
