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Abstract

:

Keto-enol prototropic conversions for carbonyl compounds and phenols have been extensively studied, and many interesting review articles and even books appeared in the last 50 years. Quite a different situation takes place for derivatives of biologically active azulene, for which only scanty information on this phenomenon can be found in the literature. In this work, quantum-chemical studies have been undertaken for symmetrically and unsymmetrically substituted azulenols (constitutional isomers of naphthols). Stabilities of two enol (OH) rotamers and all possible keto (CH) tautomers have been analyzed in the gas phase {DFT(B3LYP)/6-311+G(d,p)} and also in aqueous solution {PCM(water)//DFT(B3LYP)/6-311+G(d,p)}. Contrary to naphthols, for which the keto forms can be neglected, at least one keto isomer (C1H, C2H, and/or C3H) contributes significantly to the tautomeric mixture of each azulenol to a higher degree in vacuo (non-polar environment) than in water (polar amphoteric solvent). The highest amounts of the CH forms have been found for 2- and 5-hydroxyazulenes, and the smallest ones for 1- and 6-hydroxy derivatives. The keto tautomer(s), together with the enol rotamers, can also participate in deprotonation reaction leading to a common anion and influence its acid-base properties. The strongest acidity in vacuo exhibits 6-hydroxyazulene, and the weakest one displays 1-hydroxyazulene, but all azulenols are stronger acids than phenol and naphthols. Bond length alternation in all DFT-optimized structures has been measured using the harmonic oscillator model of electron delocalization (HOMED) index. Generally, the HOMED values decrease for the keto tautomers, particularly for the ring containing the labile proton. Even for the keto tautomers possessing energetic parameters close to those of the enol isomers, the HOMED indices are low. However, some kind of parallelism exists for the keto forms between their relative energies and HOMEDs estimated for the entire molecules.
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1. Introduction


Owing to remarkable physicochemical properties and biological activities, azulene and its derivatives have attracted the particular attention of many theoretical and experimental researchers for more than two hundred years [1,2,3,4]. Numerous interesting chromophores, particularly colorful pigments, possessing the azulene skeleton have been identified in various herbal plants, e.g., chamomile, wormwood, guaiac wood, yarrow, etc. [5,6,7]. Colorful azulenoids have also been detected in mushrooms [8] and marine invertebrates [9]. Azulene-hydrocarbons (sesquiterpenes) and their derivatives can be employed as dye materials. Their color depends on the nature and position of the substituent(s) introduced at carbon atom(s) [10,11]. Azulenes display interesting biological activities such as antifungal, antibacterial, antiviral, antimicrobial, antioxidative, antitumor, etc. [8,12,13,14,15,16,17,18]. Some of them are used in many skincare and cosmetic products [18]. Due to remarkable polarizability of the azulene system, its derivatives show promising applications in the design of new organic superbases [19]. They can also be used as advanced organic materials (organic metals, liquid crystals, polymers, nonlinear optical chromophores, solar cells, etc.) [2,3,4,20,21,22,23,24].



Similar to its valence isomer naphthalene, azulene contains two rings and 10 delocalized π-electrons (Figure 1). These rings, however, consist of a different number of C atoms [25]. In azulene, five-membered cyclopentadiene is structurally fused with seven-membered cycloheptatriene, whereas in naphthalene, two six-membered benzene fragments are structurally fused together. Consequently, the two isomers have not only different structures but also exhibit different physicochemical properties [1,25,26,27,28]. For example, naphthalene is a non-polar and colorless compound, while azulene is a polar and dark blue substance. The large dipole moment of azulene can be explained by the Hückel molecular orbital theory [26]. Because of its high polarity and polarizability, azulene exhibits higher proton and lithium-cation basicity in the gas phase than naphthalene [27,28]. Its gas-phase acidity is also stronger than that of its isomer [27]. Moreover, naphthalene mainly gives products of electrophilic substitution, except for some particular derivatives, whereas azulene can react with both electrophiles and nucleophiles [29,30].



Taking these remarkable properties of azulene and its derivatives into account, and only a few articles on an exciting phenomenon (prototropic tautomerism) occurring in some derivatives, we concentrated our attention in this work on azulenols (monohydroxyazulenes) that can exist in various keto and enol forms. For some of their derivatives, such as 2-hydroxyazulene, 6-hydroxyazulene, and 6-hydroxy-4,8-dimethylazulene, symmetrically substituted by one OH group, unsymmetrically mono-substituted 1-hydroxyazulene, and symmetrically disubstituted 2,6-dihydroxyazulene, syntheses have already been reported, and some keto and/or enol tautomers experimentally identified [31,32,33,34]. Using nuclear magnetic resonance (NMR) and infrared (IR) techniques, the single enol form has been detected mainly in acetone-d6, whereas some keto isomers have been found in chloroform-d [31,32,33,34].



To our knowledge, there are no data on keto-enol equilibria for hydroxyazulenes in the gas phase and aqueous solution. Taking the experimental NMR and IR results for some derivatives into account [31,32,33,34], we applied here quantum-chemical methods to isolated and hydrated azulenes containing one OH group at 1-, 2-, 4-, 5-, and 6-position (AH1–AH5, given in Figure 2). In this way, the stability and bond lengths alternation of enol rotamers and of all possible keto tautomers for AH1–AH5 could be analyzed in detail, and the structures indicated for favored isomers that mainly consist of tautomeric mixtures in two extreme environments, vacuo and water. For estimation of their acid-base strength, the corresponding conjugate anions (A−1–A−5) have also been considered, and thermochemistry of deprotonation-protonation reaction (AH  ⇄A− + H+) investigated for individual isomers as well as for isomeric mixtures. Since pKa of some azulenols have been reported [32], their acidities have been estimated in the gas phase and compared with those of phenol and naphthols.



Note that only major and minor isomers can be identified when experimental techniques are used. Usually, rare isomers (<0.1%) can be difficult to find in the background, and experimental techniques (e.g., IR or NMR) do not give the complete picture on prototropy in tautomeric systems [31,32,33,34]. Contrary to the experimental methods, quantum-chemical calculations cannot be limited to the favored forms. All isomers, even those considered as very rare forms (<0.001%), can be investigated, and their structures, stabilities, and some physicochemical properties established. Such kind of information is essential in studies on derivatives of interesting properties and activities.




2. Methodology


Two levels of theory have been employed to study the keto and enol isomers of five hydroxyazulenes (AH1–AH5): the density functional theory (DFT) method [35] with the Becke three-parameter hybrid exchange functional and non-local correlation functional of Lee, Yang, and Par (B3LYP) [36,37] and the 6-311+G(d,p) basis set [38], and the polarizable continuum model (PCM) theory [39,40]. The choice of these quantum-chemical methods for the investigation of proton-transfer processes (including prototropic conversions) in isolated and hydrated systems has been discussed in our earlier works [41,42]. First, the stabilities of all possible isomers of AH1–AH5 have been investigated in vacuo at the DFT(B3LYP)/6-311+G(d,p) level. Their Lewis structures are given in Figure S1 in the Supplementary Materials. Next, calculations have been carried out at the PCM(water)//DFT(B3LYP)/6-311+G(d,p) level. The PCM parameters are included in the Supplementary Materials. In both cases, no restriction has been applied to the geometry optimization in the ground states. In this way, small structural and thermochemical changes in isomeric mixtures when proceeding from the gas phase to aqueous solution could be observed. The atom coordinates for the isolated and hydrated structures of all possible neutral AH1–AH5 isomers optimized in vacuo {DFT(B3LYP)/6-311+G(d,p)} and aqueous solution {PCM(water)//DFT(B3LYP)/6-311+G(d,p)}, respectively, are summarized in Table S1 (Supplementary Materials). Their electronic energies (E) calculated at the two levels of theory are included in Table S2 (Supplementary Materials). Geometric and energetic parameters for deprotonated forms of azulenols (A−1–A−5) have been estimated in the gas phase at the DFT(B3LYP)/6-311+G(d,p) level in their ground states. The atom coordinates for the five anion structures and their electronic energies are listed in Table S3 (Supplementary Materials). For all calculations, the Gaussian 03 series of programs [43] has been applied.



The harmonic oscillator model of electron delocalization (HOMED) indices [44], based on the original HOMA (harmonic oscillator model of aromaticity) procedure [45], have been calculated according to Equation (1) for the DFT-optimized structures of AH1–AH5 and A−1–A−5. For each structure, HOMEDs have been determined for the five- and seven-membered rings, azulene skeleton, and entire molecule, and abbreviated here as HOMED5, HOMED7, HOMED11, and HOMED12, respectively. For comparison, HOMEDs have also been estimated for the parent azulene, its valence isomer naphthalene, and their aromatic cyclic parts (cyclopentadiene anion, cycloheptatriene cation, and benzene). Their structures have been optimized at the same DFT level.


HOMED = 1 − {α(CC)Σ[Ro(CC) − Rx(CC)]2 + α(CO)Σ[Ro(CO) − Rx(CO)]2}/n



(1)







Parameters α(CC), α(CO), Ro(CC), Ro(CO), Rx, and n, applied in Equation (1), are the normalization constants for CC and CO bonds, optimum CC and CO bond lengths for the reference molecules {C6H5 and +C(OH)3}, bond lengths for investigated compounds, and number of bonds (5, 7, 11, and 12) in a considered part of investigated systems, respectively. The following values have been used for the CC and CO bonds [44]: Ro(CC) = 1.3943 Å, Ro(CO) = 1.2811 Å, α5(CC) = 78.34, α7(CC) = 80.90, α11(CC) = 83.37, α12(CC) = 88.09, and α12(CO) = 75.00, all of them estimated at the same level of theory {DFT(B3LYP/6-311+G(d,p)} as that employed for the azulene derivatives.



Vibrational frequencies have been calculated for selected structures of neutral AH1–AH5 isomers and for their anions A−1–A−5 using the same DFT(B3LYP)/6-311+G(d,p) level. Calculations confirmed that the optimized structures refer to the energy minima with real frequencies. Thermochemical quantities such as the enthalpy (H = E + pV), entropy (S), and Gibbs energy (G = H − TS for T = 298.15 K) have been calculated for all selected species. Their H and G values are summarized in Table S4 (Supplementary Materials). The relative Gibbs energies (∆G) have been determined for the isolated and hydrated enol rotamers and keto tautomers. They are given in Table S5 (Supplementary Materials). For each hydroxyazulene, the composition of the isomeric mixture has been estimated on the basis of the ∆G values calculated for all potential keto and enol isomers using Equation (2), where x is the isomer mole-fraction.


x ≈ {exp(−∆G/RT)}/{Σ[exp(−∆G/RT)]}



(2)







For the reversible deprotonation-protonation reaction in the gas phase, AH  ⇄A− + H+, basicity quantities for the anion A− such as negative protonation energy (−Eprot) at 0 K, proton affinity (PA), and gas-phase basicity (GB) at 298 K have been determined by applying Equations (3)−(5), respectively [27]. In Equations (3)−(5), H(H+) = 6.2 kJ mol−1, and G(H+) = −26.3 kJ mol−1 [46], E, H, and G correspond to the electronic energy at 0 K, enthalpy, and Gibbs energy at 298 K calculated for the corresponding neutral azulenol AH and its anionic A− form, respectively (Tables S2–S4 in Supplementary Materials). In the gas phase, −Eprot, PA, and GB for A− are equal to the corresponding acidity parameters for AH in the electronic energy, enthalpy, and Gibbs energy scales, respectively. The −Eprot values have been estimated for each possible conjugated site of protonation in anion derivatives. PAs and GBs have been calculated for the major and minor isomers of tautomeric systems as well as for their mixtures.


−Eprot = E(A−) − E(AH)



(3)






PA = H(A−) + H(H+) − H(AH)



(4)






GB = G(A−) + G(H+) − G(AH)



(5)








3. Results and Discussion


3.1. Deprotonated Forms of Hydroxyazulenes


Deprotonation of five hydroxyazulenes (AH1–AH5) leads to five deprotonated forms (A−1–A−5). On the basis of our DFT calculations carried out for anions, one can conclude that A−5 with the exo O− group at 6-position possesses the lowest electronic energy, while A−1 containing this group at 1-position has the highest one (Table S3 in Supplementary Materials). The relative electronic energies (∆E in parentheses, in kJ mol−1) increase for anions in the following order: A−5 (0.0) < A−3 (7.7) < A−2 (24.0) < A−4 (46.7) < A−1 (71.3). The same is true for their relative Gibbs energies (∆G). The order of ∆G is the same as that of ∆E. The ∆E order for anions, however, is not totally analogous to that found at the same level of theory for the favorable conformations of the neutral enol forms (Table S2 in Supplementary Materials): AH3 (0.0) < AH2 (4.6) ≈ AH5 (4.8) < AH4 (19.0) < AH1 (24.2). This suggests that the effects of the exo O− and OH groups on stability of the anion and neutral forms are not exactly parallel, probably because of some differences in intramolecular interactions. Nevertheless, the order of electronic (or Gibbs) energies found for anions dictates the acid-base strength of investigated azulenols (see below the DFT-estimated PAs and GBs for the isomeric mixtures of AH1–AH5).



The deprotonated forms of azulenols A−1–A−5 contain one negative charge, three pairs of n-electrons, and 10 π-electrons that can be more or less delocalized in the azulene skeleton. To show the differences in delocalization of the charge and electrons for anions, various potential resonance structures can be written (Figure 3). Among them, one structure with the negative charge placed on the exo O atom and also the other ones with the negative charge on the endo C atoms can be considered. As we can see, the number of the potential resonance structures is not always the same for anions, and the negative charge is not always delocalized on the same endo C atoms. Depending on the position of the exo O− group, different endo C atoms (n-π conjugated with this group) can delocalize the negative charge. For example, the exo O− group at 1-position is conjugated with eight endo C atoms: C2, C4, C5, C6, C7, C8, C9, and C10. The exo O− group at 2- or 5-position is conjugated with five endo C atoms: C1, C3, C4, C6, and C8. The exo O− group at 4- or 6-position is conjugated with seven endo C atoms: C1, C2, C3, C5, C7, C9, and C10. These variations in the negative-charge delocalization and the number of resonance structures evidently reveal differences in protonation reaction of A−1–A−5. The proton can be linked not only to the O atom but also to the selected (conjugated) C atoms, both being in different positions for different anions. Consequently, the number of possible keto tautomers for hydroxyazulenes AH1–AH5 are different and correspond to the number of conjugated sites (see below).



According to the Brønsted–Lowry theory, the protonation of the most basic anionic site in the tautomeric system usually leads to the favored tautomer. In other words, the less-acidic tautomer predominates in the mixture. In Figure 4, the DFT-estimated negative protonation energies (−Eprot) calculated according to Equation (3) for the n-π conjugated basic sites in A−1–A−5 are included. Our results confirm that the exo O− group is the most basic site in all derivatives studied here. For this group, the highest −Eprot values are found. The exo O− group binds preferentially to the proton in protonation reaction and form the favored enol form. Note that two enol structures and two negative protonation energies are possible for the O atom. The two enol forms can be favored in the tautomeric mixture. Interestingly, the C1 and C3 atoms in A−2 and A−4 display basicities very close (or even equal) to those of the exo O− group, indicating that the keto forms can also be found in significant amounts in the isomeric mixtures of AH2 and AH4. Note that differences in the negative protonation energies of the conjugated O− and C− sites in the anionic forms determine differences in the electronic energies between the corresponding enol and keto isomers.




3.2. Possible Keto and Enol Isomers of Hydroxyazulenes


Similar to naphthols, hydroxyazulenes (OH forms) contain only one labile proton that can move according to the keto-enol prototropic conversion from the exo OH group to the endo C atom (n-π conjugated with the O atom). As explained above, the number of possible keto (CH) isomers depends on the HO-position in the azulene skeleton and the number of conjugated sites in azulenol. Taking additionally rotation of the exo OH group about C–O bond into account, the following numbers of possible OH rotamers and CH isomers could be analyzed: ten, seven, nine, seven, and nine for 1- (AH1), 2- (AH2), 4- (AH3), 5- (AH4), and 6-hydroxyazulene (AH5), respectively (Figure S1 in Supplementary Materials). Note that for symmetrically substituted derivatives containing OH at 2- and 6-position, the enol rotamers (AH2a/AH2b and AH5a/AH5b) and some keto tautomers (AH2c/A2Hd, AH2e/AH2f, AH5c/AH5d, AH5f/AH5g, and AH5h/AH5i) have identical constitutional structures. For these azulenols, the number of isomers possessing different structures reduces to four and five, respectively. However, all possible isomers should be considered for estimation of their percentage contents in the isomeric mixtures of AH1–AH5.



Generally, intramolecular proton-transfers in keto-enol prototropic conversions are always accompanied by migration of n- and/or π-electrons [47]. When an endo C atom in an aromatic system binds the labile proton, it changes its hybridization state from sp2 in the enol isomer to sp3 in the keto form. Consequently, the aromatic ring containing this C atom can lose its planarity in the keto form. Electron delocalization in the ring and stability of the keto isomer can dramatically change. In the case of naphthols, such kind of structural transformation strongly increases electronic energies of the keto tautomers by more than 30 kJ mol−1 at the B3LYP/6-311++G(2df,2p) level when compared to the enol isomers [48], and the keto forms seem to be insignificant in the tautomeric mixtures. They are usually neglected for naphthols. A situation is exceptionally different for isomeric azulenols due to structural differences in the number of C atoms in the fused rings and the polar character of the azulene skeleton. The polarity of the azulene system (Figure 1) can be considered as some kind of structural factor that facilitates the intramolecular proton-transfers and stabilizes the keto forms.



The atom coordinates and electronic energies (E) for all possible isolated and hydrated structures of neutral AH1–AH5 isomers optimized in vacuo {DFT(B3LYP)/6-311G(d,p)} and aqueous solution {PCM(water)//DFT(B3LYP)/6-311G(d,p)} are given in Tables S1 and S2 in Supplementary Materials, respectively. For each derivative (AH1–AH5), perusal of the relative electronic energies (∆E) calculated at the DFT level for the keto and enol isomers (Figure 5) show evidently that ∆E is lower than 20 kJ mol−1 at least for one keto isomer (AH1c, AH2c/AH2d, AH3c, AH3e, AH4c, AH4d, and AH5c/AH5d). This means that in the gas phase, the keto form(s) can be found in the isomeric mixtures of AH1–AH5 in a higher amount for 2- and 5-hydroxyazulenes than for the other derivatives. Exceptionally, for 2-hydroxyazulene, the electronic energy of the keto forms AH2c/AH2d is very close to that of the favored enol rotamers AH2a/AH2b (∆E ca. 2 kJ mol−1). The keto tautomer AH4d of 5-hydroxyazulene has even lower electronic energy than the two enol rotamers AH4a and AH4b (∆E < 0.5 kJ mol−1) and also lower than the other keto form AH4c (∆E ca. 3 kJ mol−1).



It should be mentioned here that the significant keto tautomers possess the labile proton at the C1, C2, and/or C3 atom of the azulene five-membered ring. The other keto isomers containing the labile proton at the C4, C5, C6, C7, C8, C9, and/or C10 atom have exceptionally higher electronic energies (25 < ∆E < 100 kJ mol−1), and they can be neglected in the isomeric mixtures in the gas phase. The differences in stabilities of the CH forms of the five- and seven-membered rings can be explained by the separation of the positive and negative charge already in the azulene skeleton and the existence of dipole moment, where its negative end is directed toward the five-membered ring [25]. When unsubstituted azulene is protonated in the gas phase, exactly the C1 atom of the five-membered ring favorably binds the proton. The favored site of protonation has been confirmed by both quantum-chemical calculations and IR spectra measured for protonated azulene by means of infrared multiple photon dissociation (IRMPD) spectroscopy in a Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer [49].



In aqueous solution (PCM), the relative electronic energies for possible isomers of AH1–AH5 are not much different from those in vacuo (Figure 5). Bulk solvation does not change the general orders of stabilities of the OH rotamers and CH tautomers. Similar to the gas phase, the enol forms predominate in an aqueous solution. Some differences take place for the OH isomers of 4- (AH3) and 5-hydroxyazulene (AH4). For AH3, the stabilities and relative electronic energies of the OH rotamers (AH3a and AH3b) are reversed in aqueous solution in comparison to those in the gas phase, but both have lower Es than the keto forms (Table S2 in Supplementary Materials). For AH4, four isomers, two enol rotamers (AH4a and AH4b), and two keto tautomers (AH4c and AH4d) are favored in both the gas phase and aqueous solution; however, the orders of their electronic energies slightly differ.




3.3. Bonds Lengths Alternation in Neutral and Anionic Forms of Hydroxyazulenes


To understand bond lengths alternation in any azulenol tautomer, we started our analysis from the parent azulene, its valence isomer naphthalene, and their structural aromatic monocyclic parts. Their geometries have been optimized at the same DFT level as that applied for the geometry optimization of AH1–AH5. The structural descriptors (HOMEDs) have been estimated using Equation (1) for the entire molecules and also for their cyclic fragments (Figure 6). By definition, HOMED is equal to unity for benzene, for which full π-electron delocalization with equalization of all CC bond lengths takes place. A structural fusion of the two benzene rings in the naphthalene bicyclic system reduces not only the number of C atoms and π-electrons to 10, but it also differentiates the CC bond lengths, and consequently, decreases π-electron delocalization. The estimated HOMED values are reduced for the entire naphthalene molecule as well as for its benzene parts, when compared to isolated benzene.



Using benzene as the reference molecule in the HOMED procedure, the structural indices have slightly lower values for the cyclopentadiene anion and cycloheptatriene cation (Figure 6), although full equalization of the CC bond lengths occurs for both ions. The decrease of HOMEDs can mainly result from slightly longer CC bonds in the cyclic ions than in neutral benzene. When the cyclopentadiene and cycloheptatriene ions are structurally fused to form the azulene system, the HOMEDs estimated for the individual rings are reduced to a higher degree than those for the benzene parts in naphthalene. Azulene presents weaker π-electron delocalization than naphthalene. One structural reason is that the C9C10 bond, common for the two cycles, is considerably longer in azulene (1.499 Å) than in naphthalene (1.431 Å). Lower aromatic stability of azulene than naphthalene has also been confirmed by applying other criteria of aromaticity, summarized in ref. [50].



When azulene is substituted by the exo O− group, the HOMED indices vary to a higher degree for A−1–A−5 than for the parent compound. This is a consequence of an additional n-π conjugation of the substituent with the azulene system. Exceptionally, for the anions containing the exo O− group at 1- and 2-position of the five-membered ring (data for structures 1 and 2 in Figure 7), the HOMED5 index (estimated for the cyclopentadiene ring, five bonds) strongly decreases from 0.82 for azulene (Figure 6) to 0.64 and 0.62 for A−1 and A−2, respectively. These variations seem to confirm the intramolecular charge transfer from the seven- to five-membered ring (Figure 1). The repulsion between the negatively charged O− group (acting as a strong electron-donating substituent) and the negatively charged cyclopentadiene ring of the azulene skeleton strongly lengthens the C9C10 bond (up to 1.512 and 1.516 Å, respectively). This effect dramatically changes the π-electrons delocalization and aromatic character of the five-membered ring in A−1 and A−2. On the other hand, the HOMED5 index increases to 0.90 and 0.93 for A−3 and A−5, respectively (data for structures 3 and 5 in Figure 7), for which the exo O− group is linked at 4- and 6-position of the positively charged cycloheptatriene fragment. Note that the C9C10 bond is even shorter for these anions (1.463 and 1.452 Å, respectively) than that for the parent azulene, indicating an increase of electron delocalization and aromaticity for the five-membered ring in A−3 and A−5. For A−4, both the C9C10 bond length (1.496 Å) and HOMED5 (0.80) are close to those for azulene.



The other HOMED indices (Figure 7), HOMED7 (0.81–0.88) for the cycloheptatriene ring (seven bonds) and HOMED11s (0.81–0.89) for the azulene skeleton (11 bonds), do not vary so much as HOMED5s when compared to those for the parent system azulene (0.87 and 0.91, respectively, in Figure 6). Generally, they slightly decrease for anions. The HOMED12 indices estimated for the entire molecules, including the CO bond (12 bonds), are close to HOMED11s and vary from 0.81 to 0.89. All these HOMED variations shed some light on the distribution of π-electrons in the azulene skeleton of A−1–A−5.



When the exo O− group in the anions A−1–A−5 is protonated and changes to the OH group in the neutral azulenols AH1–AH5, the electron-donating power of the exo substituent is slightly reduced, and consequently, HOMED5s estimated for the enol rotamers of AH1–AH5 (Table 1) do not vary as much as those for the deprotonated forms A−1–A−5 (Figure 7). However, they change in an analogous way. Interestingly, the C9C10 bond length seems to be the main factor that dictates the HOMED5 values. Figure 8 presents linear relationships between the HOMED5 indices and C9C10 bond lengths, both estimated at the DFT level for the neutral enol rotamers (correlation coefficient r = −0.981) and deprotonated anionic forms (r = −0.967).



Quite a different situation takes place when the enol forms of AH1–AH5 are transformed during the prototropic conversions into the keto tautomers containing the endo C(sp3)H and exo C=O groups. The HOMED indices for the keto forms decrease (Table 2) in comparison to those for the parent system (Figure 6). In the highest degree, they change for the five- (from 0.23 to 0.79) and seven-membered rings (from 0.39 to 0.84). Generally, the HOMED5 indices are lower (<0.55) for the keto isomers containing the cyclopentadiene part with the C(sp3)H and/or C=O groups, and they are higher (>0.6) for the keto isomers with these two groups in the cycloheptatriene ring.



The lowest HOMED5 values (≤0.25) are found for the keto tautomers containing the C=O group at 1-position and the labile proton at C2 (AH1c), C9 (AH1i), and C10 (AH1j). The highest HOMED5s (>0.70) are observed for the keto isomers with C=O at 4-, 5-, or 6-position and the labile proton at C5 or C7 (AH3f, AH3g, AH5f/AH5g), and C6 (AH4f). Contrary to the deprotonated and enol forms, the C9C10 bond length is one of the last factors that influence the HOMED5 index for the keto tautomers. On the other hand, the lowest HOMED7 value (<0.40) displays the keto tautomer containing the C=O group at 5-position and the labile proton at C6 (AH4f). The highest HOMED7 indices (>0.80) are found for the keto isomers with C=O at 2-, 4-, or 6-position and the labile proton at C1 or C3 (AH2c/AH2d, AH3c, AH3e, AH5c/AH5d), and C4 or C8 (AH2e/AH2f). Note that for some keto isomers, the HOMED5 indices decrease while the HOMED7 values increase. Figure 9 shows linear trends between HOMED5s and HOMED7s for the keto isomers of 1- (AH1) and 5-hydroxyazulenes (AH4). Note that points corresponding to the C9H and C10H isomers of AH1 deviate from this relation, and thus, they have not been included in Figure 9.



Variations of the HOMED11 and HOMED12 indices estimated for the keto tautomers of all azulenols are not so large as those of the HOMED5 and HOMED7 descriptors. Moreover, they change in the same small ranges (from 0.44 to 0.66), indicating that the C=O group included in the entire molecule (12 bonds) does not significantly affect electron delocalization in the azulene system containing 11 bonds. When the HOMED12 values are compared to the relative electronic energies (∆E in Figure 5), both calculated for the keto tautomers optimized at the DFT level, interesting parallelism can be observed for isomers of each derivative, AH1–AH5. These linear tendencies given in Figure 10 shed new light on some kind of symmetry (analogy) between electron delocalization (measured by HOMED) and acid-base properties of the conjugated tautomeric functions (measured by ∆E).




3.4. Favored Isomers for Hydroxyazulenes in Vacuo and Aqueous Solution


Generally, when the relative electronic (or Gibbs) energies are larger than 20 kJ mol−1 for rare tautomers, they participate very little (<0.01%) in the tautomeric mixture. Usually, they do not dictate the physicochemical properties of neutral tautomeric systems, and they can be neglected. In the case of azulenols AH1–AH5, all enol OH rotamers (a and b) and at least one keto tautomer (C1H, C2H, and/or C3H) possess considerably lower electronic energies than the other isomers in vacuo and also in aqueous solution (Figure 5). The relative Gibbs energies for the OH isomers are not higher than 0.6 kJ mol−1 (Table S5 in Supplementary Materials). They can be considered as major forms that consist of tautomeric mixtures. The keto C1H, C2H, and/or C3H tautomers possessing the relative Gibbs energies lower than 20 kJ mol−1 can also participate in the isomeric mixtures. Depending on their percentage contents, estimated using Equation (2), they can be treated as major (>10%) or minor (<10%) forms. The other CH tautomers can be considered as rare tautomers (<0.1%) or even very rare forms (<0.01%) and cannot be considered in the isomeric mixtures of azulenols.



Table 3 summarizes the percentage contents estimated for potential keto and enol isomers that significantly contribute to the tautomeric mixtures of azulenols AH1–AH5 in vacuo and aqueous solution (PCM). For 1-hydroxyazulene (AH1), the enol OH rotamers mainly dictate its physicochemical properties. The contribution of the keto C2H tautomer is slightly higher in vacuo (0.3%) than in aqueous solution (<0.01%), but the amounts are very low in both environments. Our results partially confirm the experiments of Asao et al. for AH1 [34], who detected no keto form in 1H NMR spectra recorded in different solvents (CDCl3, CD2Cl2, CD3CN, and also their mixtures with D2O) and using different temperatures. The amounts of the keto form C2H in investigated solvents seem to be too low for experimental identification.



For 4- (AH3) and 6-hydroxyazulenes (AH5), the situation is only slightly different than that for AH1. Their tautomeric mixtures consist mainly of the enol forms. The contribution of the keto isomers C1H and C3H in the isomeric mixture of AH3 and AH5 is only slightly higher in the gas phase and in an aqueous solution (PCM) than those of C2H in AH1. Their small amounts can be identified experimentally. Exceptionally, spectroscopic experiments performed in solution for these derivatives confirmed the presence of the keto isomers [31,32,33]. Depending on the solvent applied, the keto forms of AH3 and AH5 have been identified on the basis of IR signals for C=O bonds and 1H NMR signals for the CH2 group [31,32,33]. Surprisingly, for AH5 dissolved in CDCl3, a significant amount (ca. 30%) has been attributed to the keto form [33].



The situation seems to be completely different for 2- (AH2) and 5-hydroxyazulenes (AH4), for which both the OH and CH forms of almost equal amounts participate in the tautomeric mixtures in vacuo. In aqueous solution (PCM), this ratio changes in favor of the enol form; however, the estimated percentage contents of the keto isomers are still very important (>20%). To our knowledge, there is no report on the keto-enol tautomerism in AH4. However, prototropic conversions have been experimentally confirmed for AH2, which exists in the solvent-dependent keto-enol tautomeric mixture [32]. Analogous relations based on IR and NMR spectra have been observed for other derivatives of azulenols and hydroxyguaiazulenes [31,32,33,34]. On the basis of these experiments, some general rule has been formulated that the enol form predominates in solvents acting as hydrogen bond (HB) acceptors (dimethylsulfoxide, 1,4-dioxane, acetone, acetonitrile, etc.), and the keto form can be stabilized in solvents acting as HB donors (dichloromethane, chloroform, methanol) [51].




3.5. Acid-Base Properties for Selected Isomers and for Isomeric Mixtures


To our knowledge, acid-base properties for azulenols have not yet been investigated in the gas phase. No documents on measurements or calculations of acid-base parameters can be found in the literature. Only information on pKas in solution for 2- and 6-hydroxyazulenes has been reported [32]. For these reasons, deprotonation-protonation reaction AH  ⇄A− + H+ for azulenols has been studied in vacuo. Thermochemical quantities such as enthalpy (H) and Gibbs energy (G) have been calculated for the enol rotamers and selected keto tautomers of AH1–AH5 (Table S4 in Supplementary Materials). Additionally, these quantities have been estimated for the deprotonated forms A−1–A−5 (Table S4 in Supplementary Materials). Using the DFT-calculated H and G, acid-base quantities such as proton affinity (PA) and gas-phase basicity (GB) have been determined for all selected major and minor isomers according to Equations (3) and (4), respectively, and summarized in Table 4. In all cases, the exo O− group in A− displays stronger basicity (higher PAs and GBs) than the endo HC1(sp3)−, HC2(sp3)−, or HC3(sp3)− groups. In other words, the conjugate exo OH function in the favored conformation of the enol form has lower acidity than the corresponding endo H2C1(sp3), H2C2(sp3), or H2C3(sp3) group in AH. Note that according to the definition of acid-base quantities in the gas phase PA(A−) = ∆acidH(AH) and GB(A−) = ∆acidG(AH) [27].



For estimations of the PA/∆acidH and GB/∆acidG values for the isomeric mixtures of azulenols AH1–AH5, the percentage contents of the potential enol rotamers and keto tautomers (Table 3) have been employed. Table 5 summarizes the values of gas-phase acid-base parameters estimated for the deprotonation-protonation reaction of the major and minor isomers of AH1–AH5 to their common anion A−1–A−5. We can see that in the case when the percentage contents of the keto isomers are very low (Table 3), the PA/∆acidH and GB/∆acidG values estimated for the isomeric mixture (Table 5) are close to those for the favored enol isomer (Table 4). Such a type of situation takes place for three hydroxyazulenes: AH1, AH3, and AH5. However, when the enol rotamers and the keto tautomers participate in the isomeric mixture in almost equal amounts, the values of PA/∆acidH and GB/∆acidG determined for the isomeric mixture are between those found for the enol and keto tautomers. This case concerns the azulenol AH2 and also AH4.



It should be mentioned here that when the exo OH group is at 6-position in the seven-membered ring, hydroxyazulene displays the strongest acidity. It has the lowest PA and GB for the isomeric mixture (Table 5). This suggests that an electron-accepting effect of the five-membered ring affects the 6-position to a higher degree than positions 4 (or 8) and 5 (or 7). Generally, acidity of hydroxyazulenes decreases in the following order: AH5 > AH3 > AH2 > AH4 > AH1. 1-hydroxyazulene is the weakest acid in the series. It possesses the highest PA and GB for the isomeric mixture. All these PA and GB values for isomeric mixtures of AH1–AH5 can be compared with those reported for other hydroxy arenes such as 2-naphthol and phenol [27], also included in Table 5. Note that there are no acid-base data for 1-naphthol in ref. [27]. The comparison shows that all hydroxyazulenes studied here, even 1-hydroxyazulene, are stronger acids in the gas phase than naphthols and phenol. This can result from high polarizability of the azulene skeleton. Analogous order of acidity is found on the basis of the pKa values determined in the solution for 2- (AH2) and 6-hydroxyazulene (AH5) when they have been compared to phenol and naphthols [32].





4. Conclusions


On the basis of our quantum-chemical calculations carried out for hydroxyazulenes in vacuo and aqueous solution, we can conclude that the choice of computational-chemistry methods is a suitable way for testing the keto forms in polycyclic and well delocalized hydroxy arenes. These methods give the possibility to identified not only the major and minor isomers but also the rare and very rare keto forms (Figure 5), which cannot be found by experimental techniques. They can help to shed some light on factors that dictate stabilities and electron delocalization of the keto and enol forms. They can also make it possible to formulate some analogies between energetic and structural parameters for tautomeric systems. Additionally, using these methods, we can estimate microscopic and macroscopic acid-base properties for individual isomers as well as for the tautomeric mixtures, respectively.



An application of the HOMED index for quantitative measurements of the bond lengths alternation in the azulene skeleton and in its individual rings gives additional information on electron delocalization in investigated non-benzenoid systems. When proceeding from the enol isomers to keto forms, the labile proton-transfer from the exo OH group to the endo C atom decreases not only the stability of the keto isomers but also electron delocalization (measured by HOMED). The highest HOMED variations occur for the five- and seven-membered rings when the C atom changes its hybridization state from C-sp2 in the enol isomer to C-sp3 in the keto form (Table 2).



Generally, a high amount of the keto isomers is not related to the molecule symmetry but with the polarity of the azulene skeleton and acid-base properties of the endo C sites that are n-π conjugated with the exo substituent. These two factors affect both the relative energies (∆E) and electron delocalization (HOMED) of the keto forms that some parallelism of their variations observed (Figure 10). Exceptional stabilities of some keto forms dictate additional physicochemical properties of the azulene derivatives, such as acid-base properties of the tautomeric mixtures (Table 5).



Among the five azolenols (AH1–AH5) investigated here, two of them (symmetrically substituted 2-hydroxyazulene AH2 and unsymmetrically substituted 5-hydroxy derivative AH4) are the most interesting keto-enol systems (Scheme 1). In vacuo (non-polar environment), their keto and enol forms exist in almost equal amounts in the tautomeric mixture. The tautomers C1H and C3H are more favored than the other CH forms. Solvent (aqueous solution modeled by the PCM theory) seems to affect tautomeric equilibria and change the amount-ratio of the keto and enol forms in favor of the enol isomers. For the other three azulenols (AH1, AH3, and AH5), the enol forms consist mainly of the isomeric mixtures (>99%) in the two environments. Only small quantities of the CH isomers can be identified in vacuo (<2%) or aqueous solution (<0.2%).
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Figure 1. The structural differences between azulene (a) and naphthalene (b). 
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Figure 2. Monohydroxyazulenes investigated in this work. 
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Figure 3. The potential resonance structures for anions of hydroxyazulenes: A−1 (a), A−2 (b), A−3 (c), A−4 (d), and A−5 (e). 
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Figure 4. The DFT-calculated negative protonation energies (−Eprot, in kJ mol−1) for deprotonated azulenols. −Eprot for individual conjugated sites placed near O and C atoms. 
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Figure 5. The structures of enol rotamers and possible keto tautomers of 1- (a), 2- (b), 4- (c), 5- (d), and 6-hydroxyazulene (e), and their relative electronic energies (∆E given in parentheses, in kJ mol−1) in vacuo (normal style) and aqueous solution (italic style). 
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Figure 6. Comparison of the harmonic oscillator model of electron delocalization (HOMED) indices estimated for the DFT structures of naphthalene (a), azulene (b), and single aromatic rings: benzene (c), cyclopentadiene anion (d), and cycloheptatriene cation (e). HOMEDs for the entire bicyclic molecule placed below structure and those for the single structural parts included in the ring. 
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Figure 7. The HOMED indices estimates for unsubstituted azulene (structure 6) and for the five anionic forms A−1–A−5 (structures 1–5, respectively). HOMED5, HOMED7, HOMED11, and HOMED12 correspond to the five- and seven-membered rings, azulene system, and the entire molecule containing the CO bond. 
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Figure 8. The linear relationships between the DFT-calculated C9C10 bond lengths (in Å) and HOMED5 indices for the anion forms and enol rotamers of hydroxyazulenes. 
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Figure 9. Linear tendencies between the HOMED7 and HOMED5 indices for selected keto isomers of azulenols AH1 and AH4. 
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Figure 10. Linear tendencies between the HOMED12 indices and relative electronic energies (∆E in kJ mol−1) for all possible keto tautomers of azulenols AH1−AH5. 
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Scheme 1. The favored keto and enol tautomers for 1- (a), 2- (b), 4- (c), 5- (d), and 6-hydroxyazulene (e). HOMED5s and HOMED7s are placed in the rings. The percentages contents of isomers in vacuo and aqueous solution are included below structures. 
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Table 1. The HOMED indices estimates at the DFT level for possible enol rotamers of hydroxyazulenes.






Table 1. The HOMED indices estimates at the DFT level for possible enol rotamers of hydroxyazulenes.





	Structure
	HOMED5
	HOMED7
	HOMED11
	HOMED12





	AH1a
	0.803
	0.855
	0.902
	0.861



	AH1b
	0.817
	0.868
	0.910
	0.866



	AH2a/AH2b
	0.832
	0.871
	0.913
	0.882



	AH3a
	0.865
	0.903
	0.932
	0.895



	AH3b
	0.852
	0.896
	0.928
	0.888



	AH4a
	0.812
	0.864
	0.908
	0.851



	AH4b
	0.806
	0.860
	0.904
	0.848



	AH5a/AH5b
	0.859
	0.899
	0.930
	0.932
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Table 2. The HOMED indices estimates at the DFT level for possible keto (CH) isomers of azulenols.
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	Isomer
	Structure
	HOMED5
	HOMED7
	HOMED11
	HOMED12





	C1H/C3H
	AH2c/AH2d
	0.341
	0.829
	0.607
	0.596



	C1H
	AH3c
	0.504
	0.835
	0.652
	0.650



	C3H
	AH3e
	0.519
	0.831
	0.657
	0.656



	C1H
	AH4c
	0.382
	0.776
	0.582
	0.582



	C3H
	AH4d
	0.384
	0.782
	0.587
	0.586



	C1H/C3H
	AH5c/AH5d
	0.495
	0.814
	0.634
	0.632



	C2H
	AH1c
	0.232
	0.768
	0.520
	0.504



	C2H
	AH3d
	0.509
	0.638
	0.583
	0.596



	C2H
	AH5e
	0.504
	0.625
	0.575
	0.571



	C4H
	AH1d
	0.361
	0.635
	0.460
	0.444



	C8H
	AH1h
	0.343
	0.641
	0.456
	0.443



	C4H/C8
	AH2e/AH2f
	0.341
	0.829
	0.607
	0.596



	C4H
	AH4e
	0.670
	0.446
	0.525
	0.515



	C8H
	AH4g
	0.637
	0.424
	0.504
	0.501



	C5H
	AH1e
	0.473
	0.523
	0.467
	0.457



	C7H
	AH1g
	0.484
	0.521
	0.473
	0.462



	C5H
	AH3f
	0.769
	0.453
	0.572
	0.562



	C7H
	AH3g
	0.731
	0.476
	0.576
	0.572



	C5H/C7H
	AH5f/AH5g
	0.774
	0.459
	0.572
	0.564



	C6H
	AH1f
	0.374
	0.626
	0.454
	0.440



	C6H
	AH2g
	0.396
	0.471
	0.485
	0.475



	C6H
	AH4f
	0.794
	0.390
	0.570
	0.558



	C9H
	AH1i
	0.250
	0.578
	0.470
	0.458



	C10H
	AH1j
	0.229
	0.575
	0.449
	0.440



	C9H
	AH3h
	0.513
	0.480
	0.534
	0.529



	C10H
	AH3i
	0.457
	0.418
	0.468
	0.467



	C9H/C10H
	AH5h/AH5i
	0.461
	0.425
	0.473
	0.318










[image: Table] 





Table 3. The percentage contents (x, in %) estimated for the enol OH rotamers and selected keto CH tautomers in the isomeric mixtures of azulenols in vacuo and aqueous solution.
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Structure

	
Type of Isomer

	
x

	
Structure

	
Type of Isomer

	
x




	
Gas 1

	
Water 2

	
Gas 1

	
Water 2






	
AH1a

	
OH(a)

	
10.1

	
12.4

	
AH3e

	
C3H

	
0.5

	
0.05




	
AH1b

	
OH(b)

	
89.6

	
87.6

	
AH4a

	
OH(a)

	
28.4

	
33.7




	
AH1c

	
C2H

	
0.3

	
0.001

	
AH4b

	
OH(b)

	
29.0

	
41.9




	
AH2a/AH2b

	
OH(a)/OH(b)

	
52.8

	
67.9

	
AH4c

	
C1H

	
9.2

	
7.8




	
AH2c/AH2d

	
C1H/C3H

	
47.2

	
32.1

	
AH4d

	
C3H

	
33.4

	
16.5




	
AH3a

	
OH(a)

	
89.4

	
7.5

	
AH5a/AH5b

	
OH(a)/OH(b)

	
99.5

	
99.96




	
AH3b

	
OH(b)

	
9.5

	
92.4

	
AH5c/AH5d

	
C1H/C3H

	
0.5

	
0.04




	
AH3c

	
C1H

	
0.7

	
0.1

	

	

	

	








1 At the DFT(B3LYP)/6-311+G(d,p) level. 2 At the PCM(water)//DFT(B3LYP)6-311+G(d,p) level.
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Table 4. The values of acid-base parameters (in kJ mol−1 at 298 K) calculated at the DFT level for selected individual isomers of hydroxyazulenes AH1−AH5.
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	Structure
	Type of Isomer
	PA(A−) = ∆acidH(AH)
	GB(A−) = ∆acidG(AH)
	Structure
	Type of Isomer
	PA(A−) = ∆acidH(AH)
	GB(A−) = ∆acidG(AH)





	AH1a
	OH(a)
	1419.2
	1385.8
	AH3e
	C3H
	1369.5
	1339.4



	AH1b
	OH(b)
	1420.4
	1391.2
	AH4a
	OH(a)
	1402.4
	1370.8



	AH1c
	C2H
	1407.2
	1377.0
	AH4b
	OH(b)
	1402.6
	1370.9



	AH2a/AH2b
	OH(a)/OH(b)
	1393.9
	1362.5
	AH4c
	C1H
	1398.4
	1368.0



	AH2c/AH2d
	C1H/C3H
	1391.9
	1362.2
	AH4d
	C3H
	1401.7
	1371.2



	AH3a
	OH(a)
	1383.1
	1352.3
	AH5a/AH5b
	OH(a)/OH(b)
	1371.0
	1339.3



	AH3b
	OH(b)
	1378.3
	1346.7
	AH5c/AH5d
	C1H/C3H
	1355.3
	1326.0



	AH3c
	C1H
	1370.1
	1340.1
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Table 5. The values of acid-base parameters (in kJ mol−1 at 298 K) estimated for the mixtures of major and minor isomers of hydroxyazulenes AH1–AH5.
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	Compound
	Mixture of the Favored Isomers

for Neutral AH (Acid) 1
	Anion A−

(Base) 2
	PA or

∆acidH
	GB or

∆acidG
	Ref.





	1-Azulenol
	AH1a ⇄ AH1b ⇄ AH1c
	A−1
	1420.3
	1390.6
	3



	2-Azulenol
	AH2a/AH2b ⇄ AH2c/AH2d
	A−2
	1393.0
	1362.3
	3



	4-Azulenol
	AH3a ⇄ AH3b ⇄ AH3c ⇄ AH3e
	A−3
	1382.5
	1351.6
	3



	5-Azulenol
	AH4a ⇄ AH4b ⇄ AH4c ⇄ AH4d
	A−4
	1401.8
	1370.7
	3



	6-Azulenol
	AH5a/AH2b ⇄ AH5c/AH5d
	A−5
	1370.9
	1339.2
	3



	2-Naphthol 4
	 [image: Symmetry 13 00497 i001]
	 [image: Symmetry 13 00497 i002]
	1438
	1408
	5



	Phenol 4
	 [image: Symmetry 13 00497 i003]
	 [image: Symmetry 13 00497 i004]
	1462
	1432
	5







1 Structures given in Figure 5. 2 Structures given in Figure 4. 3 This work. 4 The keto tautomers can be neglected in the isomeric mixture [48]. 5 Experimental data taken from ref. [27].



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the author. 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 (http://creativecommons.org/licenses/by/4.0/).






media/file30.png





media/file8.jpg





media/file27.png





media/file13.png
AH4a
(0.2; 0.5)

AHb5a
(0.0; 0.0)

AH4b
(0.1; 0.0)

AHS5b
(0.0; 0.0)

AH4c
(3.2;2.2)

AH5c
(16.4; 17.1)

AH5h
(81.3; 86.1)

AH4d
(0.0; 0.4)
(d)

AH5d
(16.4; 17.1)

AHS5i
(81.3; 86.1)

(e)

AHd4e
(52.0; 65.3)

AHb5e
(42.6; 51.2)

AH4f
(48.2; 64.0)

AH5f
(47.4; 57.3)

AH4g
(67.4;79.7)

AHb5g
(47 .4; 57.3)





media/file18.jpg
HOMEDS5

09

08
07
HOMEDS(A)=~477R(COC10)+7.88
0.6 1= -0967
05 +
144 146 148 15

C9C10 bond length

152






media/file9.png
1453 1439
1449
1417
1394

1425
1399

A1

1394

)

1394
424

1425631425

1423 1423

1341 /1341

1430// 1433

1366 1381

XN 1433

1385 O—
1433

A4

1358
1384/// 1384
1320 1320

1353 /1 353

140101401

A5





media/file14.jpg
o € @ @

(@ ®) © @ ©






media/file20.jpg
HOMED7

0.8

0.6

04

0.2

02

03

04

05
HOMEDS5

0.6

0.7

08





media/file28.png





media/file23.png
HOMED12

0.8 - ¢ AH1
O AH?2
@~ . © AH3
061"'-\\-..____ ‘:”--‘ ‘.-"3.__ @) A AH4
B e U LN
-__.* ______ v . - .._--. .
o X = X
0.4
=
0.2
0 20 40 60 80 100

AE






media/file15.png





media/file19.png
HOMEDbS

0.9

0.8

0.7

0.6

;‘* ~ HOMED5S(AH)=-2.97R(C9C10)+ 5.28
| ... r=—0.981
S~ HEm.__
- | € Anions RN ® e
| |8 Enol rotamers T~a -
HOMED5(A) = -4.77R(C9C10)+7.88 75
_ r=-0.967
1.44 1.46 1.48 1.5 1.52

C9C10 bond length






media/file11.jpg
R T L

AHia AHab Amic Anat Amig

0205 100 6222 m,an (szo,sssy “s260  (©74797)

AHsa Amsb Amse AHsd Anse Anst Amsg.

0000 0000 (6L (6£1D)  @6512) @473 @457
AHsh Ansi

G180 E13:861)
©





media/file6.png
A-1-2 A-1-3 A1-4 A-1-5 A-1-6 A-1-7 A-1-8 A-1-9

A1-1

(a)

A2-6

-5

A2
N aNs
O: & | @4 |

A-2-3 A-2-4

e
&
=

A-2-2

4 4 4
O % 7‘)¢b: <‘ 1\7%6:
\ \ . — —_ /

(b)

&
7

2N
S

A-3-2 A-3-3 A-3-4 A-3-5 A-3-6 A-3-7 A-3-8

A-3-1

(c)





media/file2.jpg
ke

AHL

OH

&

AH2

AH3

&

o

AH4

s

AHS





nav.xhtml


  symmetry-13-00497


  
    		
      symmetry-13-00497
    


  




  





media/file24.jpg
Gas 99.7%
Water 100%

Goss2%  472%
Waler67o%  321%

Gas s74%
Wawr7s7%  78%

Gas 995%
Waler 99.94%

©






media/file29.png





media/file1.png





media/file10.jpg
EELBEEE

oy

At
w00

At
e

e
w00

i
w00

i
asion

ez

A
e

A
@310

e
w50

o
ree)

ana
e

i
@009
ur

s
esio
®

e
suas

i
eeen

@

[

w0

A
ey

et

w9

A
e

@

A
@0

A
rer





media/file5.jpg
Asa

As2

As3

Ass





media/file7.png
0:-
A-4-1
7 7
& _&
o o
A-5-1 A-5-2

A-5-3

0 0 Q:
A-4-3 A-4-4 A-4-5
(d)
) N N
5 &
\J
O: O:

OF

A-5-4 A-5-5 A-5-6

A-4-6
Ny aSE
@ &
A-5-7 A-5-8





media/file16.jpg
B HOMED12|
B HOMED!11,
'O HOMED?

1 2 3 4 5 6
Structure






media/file12.png
AHla AH1b AH1c AH1d AHle AH1f AHig
(4.1; 4.5) (0.0; 0.0) (13.4; 27.2) (58.7; 74.1) (29.0; 37.4) (53.8; 68.0) (27.4; 34.6)

AH1h AH1i AHIj
(59.0; 74.1) (59.0; 40.9) (35.8; 27.8)

(a)

AH2a AH2b AH2c¢ AH2d AH2e Ahfe AH2g
(0.0; 0.0) (0.0; 0.0) (2.3; 1.6) (2.3; 1.6) (83.9; 95.6) (83.9; 95.6) (72.8; 81.0)

(b)

AH3a AH3b AH3c¢ AH3d AH3e AH3f AH3g
(0.0; 5.8) (4.9; 0.0) (13.8; 15.0) (54.4; 61.8) (14.7; 16.5) (54.3; 61.2) (66.3; 67.3)

AH3h AH3i
(90.8; 93.5) (64.7; 70.8)

(c)





media/file3.png
A\

%/
X

AH2

OH

OH

/

OH

AH5

AH4

AH3

AH1





media/file22.jpg
HOMED12

0.8

0.6

0.4

20

AE

60

80

100






media/file17.png
B HOMED12
0 HOMED11
0O HOMED?
B HOMED5

1 2 3 4 5 6
Structure






media/file4.jpg
vBTBLBTTD

ééégéé

A21 A22 A23 Az A2s A26

(©





media/file25.png
HO O

ﬁ

Gas 99.7%
Water 100%

Gas 52.8% 47 2%
Water 67.9% 32.1%

X

O5

OH
Gas 98.8% Gas 57.4% 9.2% 33.4%
Water 99.9% Water 75.7% 7.8% 16.5%
() (d)

Gas 99.5% 0.5%
Water 99.96% 0.04%

(e)





media/file0.jpg
568 888





media/file21.png
HOMED?

0.8

0.6

0.4

0.2

* A
. ¢ AHI
" %% A AH4
R
A A
i A
0.2 0.3 0.4 0.5 0.6 0.7 0.8

HOMEDb






