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Abstract

:

Our study found that quantum calculations can differentiate fragmentation energies into isomeric structures with asymmetric carbon atoms, such as those of acetalized monosaccharides. It was justified by the good results that have been published in recent years on the discrimination of structural isomers and diastereomers by correlating the calculated mass energy fragmentation profiles with their mass spectra. Based on the quantitative structure–fragmentation relationship (QSFR), this technique compares the intensities of primary ions from the experimental spectrum using the mass energy profiles calculated for the candidate structures. Maximum fit is obtained for the true structure. For a preliminary assessment of the accuracy of the identification of some di-O-isopropylidene monosaccharide diastereomers, we used fragmentation enthalpies (ΔfH) and Gibbs energies (ΔfG) as the energetic descriptors of fragmentation. Four quantum chemical methods were used: RM1, PM7, DFT ΔfH and DFT ΔfG. The mass energy database shows that the differences between the profiles of the isomeric candidate structures could be large enough to be distinguished from each other. This database allows the optimization of energy descriptors and quantum computing methods that can ensure the correct identification of these isomers.






Keywords:


mass spectrometry; mass energy profiles; quantum chemical calculations (QCC); diastereomers recognition












1. Introduction


The chemical structure identification of small molecules fulfills an important role in modern life sciences and technologies. A special function is the establishment of the structure of natural compounds in which molecular geometry and biological activity are drastically influenced by the configuration of asymmetric carbon atoms that are present in the molecule, e.g., in silico investigations of the biological interactions of phytochemicals for the rapid discovery of potential drugs, their exact stereochemical structure must be known [1]. Despite advances in instrumentation, the structure elucidation of unknown small molecules using mass spectrometry (MS) is often ambiguous due to the large number of possible isomers. The use of additional orthogonal filters can decrease the number of candidate structures [2,3]. Thus, fragmentation tree alignments have been developed for automated structural comparison [4]. The latest cheminformatics trends in the field of spectrum annotation, prediction and metabolite identification use quantum chemical calculations, thereby allowing for the study of the thermodynamics and kinetics of the observed processes [5,6]. Significant progress has been reported in the identification of the most likely fragmentation pathways and their final intensities in electron ionization (EI) mass spectra using calculated reactions or activation energies [7,8,9]. Unfortunately, the alignments of fragmentation trees and the search of structures in the MS databases of chemical standards or in computer-generated libraries present multiple solutions and the resulting candidate structures need to be ranked. Additionally, the technique for the comparison of experimental and calculated breakdown graphs (ionic intensities vs. impact energies) has not been developed as an automatic analytical method, although it was elaborated a long time ago [10]. Therefore, new methods may prove useful for the discrimination of isomers with similar fragmentations [11]. The coupling of chromatography with mass spectrometry has offered the possibility of analyzing complex mixtures of analytes. Although originally designed as a separation method, chromatography was later perfected to become a formidable analytical method using chemical standards. Recent studies have shown that the qualitative analysis of some symmetric and asymmetric isomers can also be performed by establishing the elution order, based on the thermodynamic characteristics of adsorption, using molecular statistical calculations [12].



Some techniques that use the quantitative structure–fragmentation relationship (QSFR) can filter the candidate structures using the reverse ordering of the calculated formation enthalpies (ΔfH) of their primary ions, together with the corresponding experimental ionic currents obtained by mass spectrometry. These are, however, limited to groups of isomers with a high similarity, where n possible structures are attributed to n unknown isomers (n = 2 to 6) or they require at least two isomeric standards of the analyte [13,14,15,16,17].



The extension of the study of these QSFR techniques to many classes of substances is necessary if their generalization is to be pursued. At the same time, a new variant that uses precalculated databases of primary mass energy fingerprints is subject to attention. Our project comprised three stages: (i) the elaboration of calculated mass energy profiles; (ii) the optimization and validation of the method using the mass spectra of some isomeric chemical standards with different molecular symmetries; (iii) the individual identification of analytes through the filtering of candidate structures. The current article presents the creation of a database with fragmentation mass energy profiles for ten candidate structures of di-O-isopropylidene monosaccharides. The enthalpies (ΔfH) and Gibbs energies (ΔfG) obtained using four variants of quantum chemical methods were used to calculate the theoretical descriptors. Graphical and statistical interpretations allowed for assessments of accuracy for the future analysis of these isomers by mass spectrometry.




2. Materials and Methods


2.1. Candidate Structures


Enthalpies (ΔfH) and Gibbs energies (ΔfG) were calculated for ten structural isomers and diastereomers (1–10). These isomers had four or five asymmetric carbon atoms. They were chosen to present small and very small structural differences, so as to be useful in assessing the level of accuracy that the studied technique can offer. The candidate structures (1–5), presented in Figure 1, were:



1,2:5,6-di-O-isopropylidene-α-d-glucofuranose (1);



2,3:5,6-di-O-isopropylidene-α-d-mannofuranose (2);



1,2:3,4-di-O-isopropylidene-α-d-galactopyranose (3);



2,3:4,5-di-O-isopropylidene-β-d-fructopyranose (4); and



2,3:4,6-di-O-isopropylidene-α-l-sorbofuranose (5).



For the ease of reference, they were assigned the following abbreviations: DAG (Diacetone-d-glucose) (1); DAM (Diacetone-d-mannose) (2); DAGal (Diacetone-d-galactose) (3); DAF (Diacetone-d-fructose) (4); and DAS (Diacetone-l-sorbose) (5). They were used as chemical standards in the optimization and validation of the qualitative analysis.



The candidate structures (6–10) that are presented in Figure 2 were the isomers of Structures 1–5. Similarly, for the ease of reference, they were also assigned the following abbreviations: DAAlo (Diacetone-d-allose) (6); DAF_spiran (Diacetone-d-frutose_spirane) (7); DAGal_furan (Diacetone-d-galactose_furan) (8); DAM_beta (Diacetone-d-mannose_beta) (9); and DAS_spiran (Diacetone-l-sorbose_spirane) (10). These abbreviations corresponded to:



1,2:5,6-di-O-isopropylidene-α-d-allofuranose (6);



1,2:4,5-di-O-isopropylidene-β-d-fructopyranose (7);



1,2:5,6-di-O-isopropylidene-α-d-galactofuranose (8);



2,3:5,6-di-O-isopropylidene-β-d-mannofuranose (9); and



1,2:4,6-di-O-isopropylidene-α-l-sorbofuranose (10).



Structures 1, 6 and 8 were diastereomers, as were Structures 2 and 9.



Thus, each experimental mass energy profile of the chemical standard was compared to the ten calculated profiles. Maximum fit was obtained for the true structure when the calculated energy descriptors correctly described the fragmentation.



Calculations were made only for the primary ions because their structure is obvious and the fragmentation energy is easier to obtain. The formation of these ions occurs with minimum energy consumption because they result from breaking a single chemical bond and, eventually, the elimination of small molecules. Another advantage is that the signals of the primary ions also appear in the mass spectra that are measured at low impact energies. Seven such ions were used for di-O-isopropylidene monosaccharides (Table 1).




2.2. Activation Energy Descriptor


The fragmentation enthalpies and Gibbs energies can reasonably approximate the activation energy and the quantum chemical calculations (QCC) can provide reliable values for them when no reverse activation energy of fragmentation is present. After vertical ionization, molecular ions explore many pathways up to their respective transition states and prefer those that are thermodynamically and kinetically favorable [18,19]. Thus, the minimum fragmentation enthalpies or Gibbs energies should best describe the activation energy profile used via this technique. For the fragmentation of the molecule M into the ion Ii+ and fragments Fi (radicals and/or molecules), the enthalpies (ΔfHfrag) and Gibbs energies (ΔfGfrag) were calculated with Equations (1) and (2), respectively:


ΔfHfrag = ΔfH (Ii+) + ΣΔfH (Fi) − ΔfH (M)



(1)






ΔfGfrag = ΔfG (Ii+) + ΣΔfG (Fi) − ΔfG (M)



(2)




where ΣΔfH (Fi) is the sum of the formation enthalpies of the accompanying fragments, ΔfH (Ii+) is the formation enthalpy of the resulting fragmentation ion and ΔfH (M) is the molecular enthalpy of the candidate structure. The meanings are similar for ΔfG.




2.3. Computational Methods


The semi-empirical methods RM1 and PM7 were chosen because they have provided good results in previous studies and are more affordable, and DFTs were chosen because they are current and considered more efficient [13,14,15,16,17]. They also offer a variety of mass energy profiles. All structures were initially modeled using the HyperChem 8.0.10 software [20]. The starting neutral molecules, obtained after MM+ pre-optimization, were optimized using the RM1 semi-empirical method [21]. The radical cations were obtained from these structures and were finally optimized using RM1. As for “spin pairing”, RHF operators were used for neutral molecules and cations while UHF operators were employed for radicals and radical cations. The SCF “convergence limit” was set at 10−5, without using the “accelerate convergence” procedure. For geometry optimization and ΔfH calculation, the “Polak–Ribière (conjugate gradient)” algorithm was selected with an RMS gradient of 0.01 kcal/(Å·mol) because the molecules were being considered in a vacuum.



The MOPAC2012 software [22] was used for the PM7 semi-empirical method [23], with the “CHARGE = +1” option for cations and the “UHF” option for radicals. The same HyperChem starting structures were converted into “ZMT” (MOPAC Z-matrix) files and run through the MOPAC2012 interface for geometry optimization and ΔfH calculation. The line of parameters included “GNORM = 0.01”, “BONDS”, “AUX”, “GRAPHF”, “PDBOUT” and the keyword “OPT” whenever possible, as well as the keywords “SINGLET” (for neutral molecules and cations) or “DOUBLET” (for radical cations and radicals). The “EF” algorithm was used for geometry optimization and the resulting structures were analyzed with the Jmol software [24].



The theoretical calculations were also performed using the Gaussian 09 software [25]. The equilibrium geometries of the target species were optimized using the density functional theory (DFT) method at the B3LYP/6-31G level. The hybrid B3LYP functional was used for these studies because of convention, its successful use in modeling a range of gas-phase reactions and also because it is not very computationally expensive. The set 6-31G basis was deemed more than sufficient for the C, H and O elements present in carbohydrate acetals [26,27,28]. The DFT input files were the RM1-optimized structures.





3. Results


In order to establish the main currents that could have an essential contribution to the signal of the primary ions, calculations were made for all of their possible structures. For example, Table 2 presents the ΔfH data that were calculated using the RM1 method for all isomeric structures of the primary ions resulting from DAF (Structure 4). The minimum ΔfH values are in bold. These corresponded to the fragmentation pathways with the lowest activation energy and, therefore, almost exclusively frequented. No possible isomerization of the structures before fragmentation was considered. Similar calculations were made for each candidate structure (1–10).



The enthalpies and Gibbs energies that were computed using semi-empirical methods RM1, PM7 and DFT (at the B3LYP/6-31G level of theory) for each candidate structure are shown in Table 3, Table 4, Table 5 and Table 6. The minimum ΔfH and ΔfG values (kcal/mol) and Equations (1) and (2) were used, where ΔfH (M) is the molecule enthalpy, ΔfH (M+) is the molecular ion enthalpy and ΣΔfH (F) is the sum of the fragment enthalpies. The meanings are similar for ΔfG. Although easy to calculate, the database did not contain ionization energies because molecular ions do not appear in the electron ionization mass spectra of di-O-isopropylidene monosaccharides [29]. The ions at m/z 245, m/z 187 and m/z 127 had calculated energy for all structures (1–10). This is because each of them could fragment into those ions by losing methyl, hydroxyl and/or one or two molecules of acetone (Table 1, Figure 1 and Figure 2). Several cells in Table 3, Table 4, Table 5 and Table 6 are empty because the structures could not form the corresponding primary ions. Thus, the ions at m/z 229 and m/z 171 appeared only for Structures 3–5 because they explicitly contain the -CH2OH group, which the other structures (1, 2 and 6–10) do not contain (Figure 1 and Figure 2, Table 3, Table 4, Table 5 and Table 6). Similarly, the ions at m/z 159 and m/z 101 appeared only for Structures 1, 2, 6, 8 and 9 as they explicitly contain the -C5H9O2 group, which the other structures (3–5, 7 and 10) do not contain (Figure 1 and Figure 2, Table 3, Table 4, Table 5 and Table 6).



The values of ΔfH and ΔfG for the molecules and ions were in the range of −1895 to 179.3 kcal/mol. The fragmentation activation energy descriptors ΔfH (M frag) and ΔfG (M frag) reduced this range by 14×, to between 199.6 and 347.3 kcal/mol (Table 3, Table 4, Table 5 and Table 6).




4. Discussion


The mass spectrum does not indicate the absolute value of ionic currents but does represent their relativity in arbitrary units. Thus, it was expected that the most useful mass energy profiles for structure searching would be those whose relativities ensured the best inverse correlation with the profiles of the corresponding ionic currents [17]. Obviously, this was established only when validating with the mass spectra of the chemical standards.



However, preliminary assessments of databases are very important. Thus, the comparison of the profiles resulting from the four methods for the same structure showed their similarity, according to the correlation index R (Table A1) and their average, which was higher than 0.90 (Table 7). Here, we showed that some semi-empirical methods, which were not designed for cation radicals (although the settings do allow this) and do not work well for species with many lone-pair electrons, can provide a series of fragmentation energies with appropriate relativities. Therefore, these calculations could satisfactorily describe the fragmentation of the candidate structures and the small differences between the calculated energy series could provide optimization methods for structural searches [16]. The Pearson linear correlation function normalizes covariance. It is suitable for comparing mass energy profiles because it eliminates the systematic differences that appear between semi-empirical or quantum methods. This is possible because the function does not change its value when the terms of one of the compared strings are added (subtracted) or multiplied by the same number. This function is part of a relationship that can accurately highlight the relative differences between calculated profiles and can order them according to the matched experimental energy profiles [17].



However, the most important analytical aspect was to assess whether there were mass energy differences between these ten isomers that were large enough to distinguish their chemical structures. Radar charts (in MS Excel) of the fragmentation energies as a function of the mass of the primary ions resemble fingerprints. They can be a means for the quick and accurate visual comparison of profiles (Figure 3). In these representations, only the points that correspond to the successive ionic masses in the graph are joined by a line. The points and lines, which were placed differently from the gridlines of energy, highlighted three groups of profiles for the structures: (1, 2, 6, 8, 9), (3–5) and (7, 10). In each group, the candidate structures showed only small stereochemical differences, with small exceptions. Even so, there were differences in the mass energy profiles that could be decisive in their correct identification.



An ANOVA of the energy rows (calculated using RM1) of Structures 1, 2, 6, 8 and 9 showed that, for the fragmentation M -> m/z 127, the variance was much higher than that of the other rows (Table 8). This string contained aberrant values and had to be removed from the profile as it reduced the selectivity of the analysis. Table 9 contains the R indices from before removing the aberrant string (yellow background in Table 8). These indices had very high values of over 0.99 and showed that the five profiles were suitable for all five diastereomers and could not differentiate them.



Following the elimination of the aberrant string, the selectivity increased as all of the R indices decreased in value. Only the pairs Structures 1 and 6 and Structures 8 and 9 still had indices around 0.99, but they were still lower than initially (Table 9, right-hand side, yellow background). The situation was similar for the PM7 and DFTs profiles (Table A2, Table A3 and Table A4).



As shown in Results (Section 3), starting with ten candidate structures of di-O-isopropylidene monosaccharides, a database was built using various types of quantum chemical calculations. The calculated theoretical descriptors, i.e., the enthalpies (ΔfH) and Gibbs energies (ΔfG), could thus be used in the analysis and statistical interpretation of isomer discrimination.



This database of mass energy fragmentation descriptors is ready for validation. It is far from complete for the composition of C12H20O6, but its 40 mass energy profiles should be sufficient to identify the isomers of di-O-isopropylidene monosaccharides with this formula. All four quantum calculation methods were able to distinguish between Isomers 1–10 (Figure 1 and Figure 2) using different values of fragmentation energies that led to ions with the same mass. Even for diastereomers, only the small structural differences that were generated by the configurations of asymmetric carbon atoms could be observed. The pairs of enantiomers could not be discriminated using this technique because they have identical profiles. Given these aspects and the good results that have been presented in similar studies [11,12,13,14,15,16,17], it is expected that the correlation of the profiles with the mass spectra of the chemical standards is only maximum for the truly positive results. Optimizing the experimental impact energy and the correlation relationship could also improve the analysis.




5. Conclusions


Quantum calculations can highlight changes in the mass energy profiles of fragmentation by changing the configurations of the asymmetric carbon atoms in chemical structures. The quantification of energy distribution in primary molecular fragmentation by mass spectrometry, in the form of mass energy fingerprints, opens broad perspectives for full de novo structural searches using correct stereochemical assignments. This technique could be integrated into expert digital systems for automatic mass spectral interpretation.
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Table A1. The R correlation indices for the mass fragmentation energy profiles of Structures 1–10 using the four methods for semi-empirical and quantum calculations.






Table A1. The R correlation indices for the mass fragmentation energy profiles of Structures 1–10 using the four methods for semi-empirical and quantum calculations.





	Structure 1
	RM1
	PM7
	DFT DH
	DFT DG
	Structure 6
	RM1
	PM7
	DFT DH
	DFT DG





	RM1
	1
	0.999
	0.93
	0.989
	RM1
	1
	0.991
	0.783
	0.949



	PM7
	0.999
	1
	0.921
	0.986
	PM7
	0.991
	1
	0.756
	0.933



	DFT DH
	0.93
	0.921
	1
	0.956
	DFT DH
	0.783
	0.756
	1
	0.857



	DFT DG
	0.989
	0.986
	0.956
	1
	DFT DG
	0.949
	0.933
	0.857
	1



	Structure 2
	RM1
	PM7
	DFT DH
	DFT DG
	Structure 7
	RM1
	PM7
	DFT DH
	DFT DG



	RM1
	1
	0.988
	0.795
	0.955
	RM1
	1
	0.956
	1
	0.992



	PM7
	0.988
	1
	0.841
	0.961
	PM7
	0.956
	1
	0.955
	0.985



	DFT DH
	0.795
	0.841
	1
	0.89
	DFT DH
	1
	0.955
	1
	0.992



	DFT DG
	0.955
	0.961
	0.89
	1
	DFT DG
	0.992
	0.985
	0.992
	1



	Structure 3
	RM1
	PM7
	DFT DH
	DFT DG
	Structure 8
	RM1
	PM7
	DFT DH
	DFT DG



	RM1
	1
	0.944
	0.921
	0.96
	RM1
	1
	0.922
	0.981
	0.986



	PM7
	0.944
	1
	0.934
	0.981
	PM7
	0.922
	1
	0.87
	0.957



	DFT DH
	0.921
	0.934
	1
	0.954
	DFT DH
	0.981
	0.87
	1
	0.974



	DFT DG
	0.96
	0.981
	0.954
	1
	DFT DG
	0.986
	0.957
	0.974
	1



	Structure 4
	RM1
	PM7
	DFT DH
	DFT DG
	Structure 9
	RM1
	PM7
	DFT DH
	DFT DG



	RM1
	1
	0.946
	0.993
	0.996
	RM1
	1
	0.984
	0.814
	0.916



	PM7
	0.946
	1
	0.939
	0.929
	PM7
	0.984
	1
	0.831
	0.948



	DFT DH
	0.993
	0.939
	1
	0.984
	DFT DH
	0.814
	0.831
	1
	0.931



	DFT DG
	0.996
	0.929
	0.984
	1
	DFT DG
	0.916
	0.948
	0.931
	1



	Structure 5
	RM1
	PM7
	DFT DH
	DFT DG
	Structure 10
	RM1
	PM7
	DFT DH
	DFT DG



	RM1
	1
	0.984
	0.987
	0.973
	RM1
	1
	0.992
	0.999
	0.996



	PM7
	0.984
	1
	0.948
	0.927
	PM7
	0.992
	1
	0.987
	0.976



	DFT DH
	0.987
	0.948
	1
	0.997
	DFT DH
	0.999
	0.987
	1
	0.998



	DFT DG
	0.973
	0.927
	0.997
	1
	DFT DG
	0.996
	0.976
	0.998
	1
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Table A2. ΔfH (M frag) (kcal/mol) calculated using PM7 (selection from Table 4) and the linear correlation indices R of the energy columns before (left bottom) and after (right bottom) the elimination of the corresponding aberrant string M -> m/z 127.






Table A2. ΔfH (M frag) (kcal/mol) calculated using PM7 (selection from Table 4) and the linear correlation indices R of the energy columns before (left bottom) and after (right bottom) the elimination of the corresponding aberrant string M -> m/z 127.














	Structures
	1
	2
	6
	8
	9
	Variance





	M -> m/z 245
	206.7
	207.6
	211.6
	206.3
	202
	11.743



	M -> m/z 187
	219.8
	216
	217.3
	241.6
	213.1
	131.33



	M -> m/z 159
	220.5
	221.6
	220.8
	218.6
	214.9
	7.207



	M -> m/z 127
	332.8
	265.9
	286.1
	293.9
	251.7
	958.28



	M -> m/z 101
	215.6
	213.5
	213.7
	213.7
	208.6
	6.837



	Structures
	1
	2
	6
	8
	9
	



	1
	1
	0.9921
	0.9986
	0.9511
	0.9879
	



	2
	0.9921
	1
	0.9939
	0.9440
	0.9970
	



	6
	0.9986
	0.9939
	1
	0.9443
	0.9875
	



	8
	0.9511
	0.9440
	0.9443
	1
	0.9623
	



	9
	0.9879
	0.9970
	0.9875
	0.9623
	1
	



	Structures
	1
	2
	6
	8
	9
	



	1
	1
	0.9268
	0.8833
	0.7096
	0.9897
	



	2
	0.9268
	1
	0.9743
	0.4646
	0.9618
	



	6
	0.8833
	0.9743
	1
	0.5192
	0.9410
	



	8
	0.7096
	0.4646
	0.5192
	1
	0.6801
	



	9
	0.9897
	0.9618
	0.9410
	0.6801
	1
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Table A3. ΔfH (M frag) (kcal/mol) calculated using DFT ΔH (selection from Table 5) and the linear correlation indices R of the energy columns before (left bottom) and after (right bottom) the elimination of the corresponding aberrant string M -> m/z 127.






Table A3. ΔfH (M frag) (kcal/mol) calculated using DFT ΔH (selection from Table 5) and the linear correlation indices R of the energy columns before (left bottom) and after (right bottom) the elimination of the corresponding aberrant string M -> m/z 127.














	Structures
	1
	2
	6
	8
	9
	Variance





	M -> m/z 245
	211
	207.8
	209.4
	206
	199.6
	19.47



	M -> m/z 187
	210
	216.8
	215.5
	211.2
	213.7
	8.113



	M -> m/z 159
	229.4
	230.7
	230.6
	224.3
	229.3
	6.923



	M -> m/z 127
	263.5
	239.4
	236.6
	265.1
	241.6
	192.5



	M -> m/z 101
	227.8
	223.2
	222.2
	222.7
	223.1
	5.155



	Structures
	1
	2
	6
	8
	9
	



	1
	1
	0.9100
	0.9024
	0.9900
	0.8999
	



	2
	0.9100
	1
	0.9956
	0.9018
	0.9952
	



	6
	0.9024
	0.9956
	1
	0.8838
	0.9841
	



	8
	0.9900
	0.9018
	0.8838
	1
	0.8949
	



	9
	0.8999
	0.9952
	0.9841
	0.8949
	1
	



	Structures
	1
	2
	6
	8
	9
	



	1
	1
	0.8730
	0.8954
	0.9609
	0.8661
	



	2
	0.8730
	1
	0.9925
	0.9563
	0.9906
	



	6
	0.8954
	0.9925
	1
	0.9499
	0.9688
	



	8
	0.9609
	0.9563
	0.9499
	1
	0.9667
	



	9
	0.8661
	0.9906
	0.9688
	0.9667
	1
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Table A4. ΔfG (M frag) (kcal/mol) calculated using DFT ΔG (selection from Table 6) and the linear correlation indices R of the energy columns before (left bottom) and after (right bottom) the elimination of the corresponding aberrant string M -> m/z 127.






Table A4. ΔfG (M frag) (kcal/mol) calculated using DFT ΔG (selection from Table 6) and the linear correlation indices R of the energy columns before (left bottom) and after (right bottom) the elimination of the corresponding aberrant string M -> m/z 127.














	Structures
	1
	2
	6
	8
	9
	Variance





	M -> m/z 245
	225.9
	222.2
	223.8
	218.9
	210.9
	34.383



	M -> m/z 187
	240.2
	245.5
	245.5
	240.6
	242.2
	6.635



	M -> m/z 159
	245.2
	245.4
	246.3
	240.2
	244.4
	5.71



	M -> m/z 127
	306.9
	281.6
	279
	309.6
	283.2
	221.59



	M -> m/z 101
	244.7
	239.6
	238.6
	239.7
	239.6
	5.873



	Structures
	1
	2
	6
	8
	9
	



	1
	1
	0.9694
	0.9651
	0.9973
	0.9490
	



	2
	0.9694
	1
	0.9992
	0.9797
	0.9922
	



	6
	0.9651
	0.9992
	1
	0.9756
	0.9896
	



	8
	0.9973
	0.9797
	0.9756
	1
	0.9582
	



	9
	0.9490
	0.9922
	0.9896
	0.9582
	1
	



	Structures
	1
	2
	6
	8
	9
	



	1
	1
	0.9104
	0.8862
	0.9611
	0.9622
	



	2
	0.9104
	1
	0.9959
	0.9753
	0.9881
	



	6
	0.8862
	0.9959
	1
	0.9526
	0.9745
	



	8
	0.9611
	0.9753
	0.9526
	1
	0.9941
	



	9
	0.9622
	0.9881
	0.9745
	0.9941
	1
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Figure 1. The candidate isomeric structures (1–5). 
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Figure 2. The candidate isomeric structures (6–10). 
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Figure 3. The radar charts (MS Excel) of fragmentation energies (kcal/mol) corresponding to the primary ions, calculated using the DFT ΔG method. Similar profiles (fingerprints) are grouped: (1, 2, 6, 8, 9), (3–5) and (7, 10). In groups (1, 6, 8) and (2, 9), the structures were diastereomeric. 
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Table 1. The seven considered ions of isomers 1–10.






Table 1. The seven considered ions of isomers 1–10.





	Ion
	Fragmentation





	m/z 245
	[M–CH3•]+



	m/z 229
	See Figure 1 and Figure 2



	m/z 187
	[M–acetone–CH3•]+



	m/z 171
	[M–acetone–HOCH2•]+



	m/z 159
	See Figure 1 and Figure 2



	m/z 127
	[M–2 × cetone–HO•]+



	m/z 101
	See Figure 1 and Figure 2
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Table 2. Series of ΔfH values calculated using the RM1 method for all isomeric structures of primary ions resulting from DAF (Structure 4). The minimum values are bold formatted. The ion structures presented in this table are those from before optimization.
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Ion Structure

	
m/z 260

	
m/z 245

	
m/z 229

	
m/z 187

	
m/z 171

	
m/z 127






	
1

	
−74.3

	
−93.8

	
−46.8

	
−21.5

	
66

	
141.2




	
2

	
-

	
−93.4

	
-

	
1.95

	
67.3

	
103.7




	
3

	
-

	
−96.6

	
-

	
−21.5

	
57

	
124.5




	
4

	
-

	
−96.6

	
-

	
1.95

	
34.5

	
140.6




	
5

	
-

	
-

	
-

	
3.3

	
-

	
-




	
6

	
-

	
-

	
-

	
−34.2

	
-

	
-




	
7

	
-

	
-

	
-

	
3.3

	
-

	
-




	
8

	
-

	
-

	
-

	
−34.2

	
-

	
-




	
1
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2




	
3
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5
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8
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Table 3. ΔfH database (kcal/mol) calculated using RM1 and Equation (1).






Table 3. ΔfH database (kcal/mol) calculated using RM1 and Equation (1).





	
Structure

	
DAF

	
DAG

	
DAGal

	
DAM

	
DAS

	
DAAlo

	
DAF_Spiran

	
DAGal_Furan

	
DAM_Beta

	
DAS_Spiran




	

	
(4)

	
(1)

	
(3)

	
(2)

	
(5)

	
(6)

	
(7)

	
(8)

	
(9)

	
(10)






	
ΔfH (M)

	
−283.1

	
−287.1

	
−282.6

	
−288.1

	
−286.7

	
−286.0

	
−287.0

	
−284.3

	
−284.1

	
−285.0




	
ΔfH (M+)

	
−74.3

	
−79.7

	
−76.1

	
−80.2

	
−78.1

	
−78.2

	
−72.1

	
−75.8

	
−80.6

	
−67.4




	
ΔfH (ion)

	

	

	

	

	




	
   m/z 245

	
−96.6

	
−99.6

	
−97.3

	
−102.0

	
−101.8

	
−99.3

	
−104.5

	
−103.6

	
−102.6

	
−99.8




	
   m/z 229

	
−46.8

	

	
−42.4

	

	
−33.0

	

	

	

	

	




	
   m/z 187

	
−34.2

	
−39.4

	
−36.4

	
−40.2

	
−4.1

	
−39.4

	
−39.9

	
−45.4

	
−43.1

	
−10.0




	
   m/z 171

	
34.5

	

	
9.6

	

	
37.0

	

	

	

	

	




	
   m/z 159

	

	
11.7

	

	
8.8

	

	
12.2

	

	
11.9

	
12.2

	




	
   m/z 127

	
103.7

	
105.1

	
87.2

	
79.4

	
134.0

	
78.6

	
105.0

	
109.5

	
95.4

	
134.0




	
   m/z 101

	

	
98.8

	

	
98.8

	

	
98.8

	

	
98.8

	
98.8

	




	
ΔfH (M frag) = ΔfH (ion) + ΣΔfH (F) − ΔfH (M) (1)

	

	

	

	

	




	
   M -> m/z 245

	
211.4

	
212.4

	
210.1

	
211.0

	
209.7

	
211.6

	
207.3

	
205.6

	
206.4

	
210.1




	
   M -> m/z 229

	
214.9

	

	
218.8

	

	
232.3

	

	

	

	

	




	
   M -> m/z 187

	
221.1

	
219.9

	
218.3

	
220.1

	
254.7

	
218.7

	
219.2

	
211.0

	
213.2

	
247.2




	
   M -> m/z 171

	
243.5

	

	
218.1

	

	
249.6

	

	

	

	

	




	
   M -> m/z 159

	

	
220.0

	

	
218.2

	

	
219.5

	

	
217.5

	
217.6

	




	
   M -> m/z 127

	
284.1

	
289.5

	
267.1

	
264.9

	
318.0

	
261.9

	
289.3

	
291.1

	
276.8

	
316.4




	
   M -> m/z 101

	

	
221.1

	

	
219.8

	

	
220.4

	

	
218.3

	
218.8
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Table 4. ΔfH database (kcal/mol) calculated using PM7 and Equation (1).






Table 4. ΔfH database (kcal/mol) calculated using PM7 and Equation (1).





	
Structure

	
(4)

	
(1)

	
(3)

	
(2)

	
(5)

	
(6)

	
(7)

	
(8)

	
(9)

	
(10)






	
ΔfH (M)

	
−277.1

	
−280.8

	
−277.7

	
−281.7

	
−281.6

	
−280.1

	
−278.6

	
−278.9

	
−275.9

	
−280.6




	
ΔfH (M+)

	
−74.0

	
−79.7

	
−76.5

	
−79.2

	
−82.7

	
−78.9

	
−76.7

	
−76.3

	
−79.7

	
−71.3




	
ΔfH (ion)

	

	

	

	

	




	
   m/z 245

	
−99.4

	
−102.0

	
−96.2

	
−102.1

	
−100.7

	
−96.5

	
−99.4

	
−100.6

	
−101.9

	
−97.7




	
  m/z 229

	
−54.3

	

	
−41.6

	

	
−34.0

	

	

	

	

	




	
   m/z 187

	
−37.5

	
−33.4

	
−37.7

	
−38.2

	
−11.5

	
−35.3

	
−7.2

	
−9.8

	
−35.2

	
−8.6




	
  m/z 171

	
13.2

	

	
40.4

	

	
36.5

	

	

	

	

	




	
  m/z 159

	

	
14.3

	

	
14.6

	

	
15.4

	

	
14.3

	
13.7

	




	
   m/z 127

	
109.7

	
155.7

	
118.8

	
87.9

	
161.6

	
109.7

	
119.5

	
118.8

	
79.6

	
179.3




	
   m/z 101

	

	
89.9

	

	
89.9

	

	
89.9

	

	
89.9

	
89.9

	




	
ΔfH (M frag) = ΔfH (ion) + ΣΔfH (F) − ΔfH (M) (1)

	

	

	

	

	




	
  M -> m/z 245

	
205.6

	
206.7

	
209.5

	
207.6

	
208.8

	
211.6

	
207.2

	
206.3

	
202

	
210.8




	
   M -> m/z 229

	
201.5

	

	
214.8

	

	
226.2

	

	

	

	

	




	
  M -> m/z 187

	
212.1

	
219.8

	
212.5

	
216.0

	
242.6

	
217.3

	
243.9

	
241.6

	
213.1

	
244.5




	
   M -> m/z 171

	
213.5

	

	
241.4

	

	
241.3

	

	

	

	

	




	
   M -> m/z 159

	

	
220.5

	

	
221.6

	

	
220.8

	

	
218.6

	
214.9

	




	
  M -> m/z 127

	
283.0

	
332.8

	
292.9

	
265.9

	
339.5

	
286.1

	
294.4

	
293.9

	
251.7

	
356.2




	
   M -> m/z 101

	

	
215.6

	

	
213.5

	

	
213.7

	

	
213.7

	
208.6
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Table 5. ΔfH database (kcal/mol) calculated using DFT (B3LYP/6-31G) and Equation (1).
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Structure

	
(4)

	
(1)

	
(3)

	
(2)

	
(5)

	
(6)

	
(7)

	
(8)

	
(9)

	
(10)






	
ΔfH (M)

	
−1559.5

	
−1565.4

	
−1562.9

	
−1564.0

	
−1566.7

	
−1561.4

	
−1562.7

	
−1560.3

	
−1558.7

	
−1565.2




	
ΔfH (M+)

	
−1371.1

	
−1368.4

	
−1366.7

	
−1367.1

	
−1371.2

	
−1370.3

	
−1371.2

	
−1367.1

	
−1368.9

	
−1367.9




	
ΔfH (ion)

	

	

	

	

	




	
   m/z 245

	
−1264.7

	
−1266.0

	
−1263.3

	
−1267.8

	
−1273.3

	
−1263.5

	
−1270.6

	
−1265.8

	
−1270.5

	
−1266.3




	
  m/z 229

	
−1239.6

	

	
−1227.6

	

	
−1237.7

	

	

	

	

	




	
   m/z 187

	
−867.0

	
−873.4

	
−870.4

	
−865.2

	
−830.3

	
−863.9

	
−867.6

	
−867.1

	
−862.9

	
−838.5




	
  m/z 171

	
−827.6

	

	
−835.4

	

	
−815.7

	

	

	

	

	




	
  m/z 159

	

	
−728.9

	

	
−726.2

	

	
−723.7

	

	
−728.9

	
−722.3

	




	
   m/z 127

	
−522.8

	
−531.4

	
−534.6

	
−554.1

	
−494.5

	
−554.3

	
−522.4

	
−524.7

	
−546.6

	
−494.5




	
   m/z 101

	

	
−465.7

	

	
−465.7

	

	
−465.7

	

	
−465.7

	
−465.7

	




	
ΔfH (M frag) = ΔfH (ion) + ΣΔfH (F) − ΔfH (M) (1)

	

	

	

	

	




	
  M -> m/z 245

	
206.3

	
211.0

	
211.0

	
207.8

	
204.9

	
209.4

	
203.5

	
206.0

	
199.6

	
210.4




	
   M -> m/z 229

	
213.5

	

	
228.8

	

	
222.6

	

	

	

	

	




	
  M -> m/z 187

	
210.5

	
210.0

	
210.5

	
216.8

	
254.4

	
215.5

	
213.0

	
211.2

	
213.7

	
244.6




	
   M -> m/z 171

	
232.0

	

	
227.5

	

	
251.1

	

	

	

	

	




	
   M -> m/z 159

	

	
229.4

	

	
230.7

	

	
230.6

	

	
224.3

	
229.3

	




	
  M -> m/z 127

	
266.2

	
263.5

	
257.8

	
239.4

	
301.8

	
236.6

	
269.8

	
265.1

	
241.6

	
300.2




	
   M -> m/z 101

	

	
227.8

	

	
223.2

	

	
222.2

	

	
222.7

	
223.1
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Table 6. ΔfG database (kcal/mol) calculated using DFT (B3LYP/6-31G) and Equation (2).
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Structure

	
(4)

	
(1)

	
(3)

	
(2)

	
(5)

	
(6)

	
(7)

	
(8)

	
(9)

	
(10)






	
ΔfG (M)

	
−1886.7

	
−1892.7

	
−1892.1

	
−1891.0

	
−1895.0

	
−1888.5

	
−1890.1

	
−1887.7

	
−1885.8

	
−1893.3




	
ΔfG (M+)

	
−1698.1

	
−1693.7

	
−1693.9

	
−1692.0

	
−1698.5

	
−1696.6

	
−1698.2

	
−1693.3

	
−1695.4

	
−1694.7




	
ΔfG (ion)




	
   m/z 245

	
−1557.9

	
−1557.4

	
−1557.3

	
−1559.4

	
−1567.4

	
−1555.3

	
−1563.2

	
−1559.4

	
−1565.5

	
−1559.3




	
  m/z 229

	
−1523.3

	

	
−1510.7

	

	
−1519.8

	

	

	

	

	




	
   m/z 187

	
−1072.4

	
−1076.9

	
−1075.9

	
−1070.0

	
−1032.0

	
−1067.4

	
−1071.9

	
−1071.5

	
−1068.1

	
−1041.2




	
  m/z 171

	
−1019.7

	

	
−1031.1

	

	
−1005.5

	

	

	

	

	




	
  m/z 159

	

	
−913.0

	

	
−911.2

	

	
−907.7

	

	
−913.0

	
−906.9

	




	
   m/z 127

	
−654.9

	
−663.0

	
−665.1

	
−686.7

	
−624.9

	
−686.7

	
−655.5

	
−655.3

	
−679.9

	
−624.9




	
   m/z 101

	

	
−591.7

	

	
−591.7

	

	
−591.7

	

	
−591.7

	
−591.7

	




	
ΔfG (M frag) = ΔfG (ion) + ΣΔfG (F) − ΔfG (M) (2)




	
  M -> m/z 245

	
219.4

	
225.9

	
225.4

	
222.2

	
218.3

	
223.8

	
217.5

	
218.9

	
210.9

	
224.7




	
   M -> m/z 229

	
226.6

	

	
244.6

	

	
238.4

	

	

	

	

	




	
  M -> m/z 187

	
238.7

	
240.2

	
240.7

	
245.5

	
287.4

	
245.5

	
242.7

	
240.6

	
242.2

	
276.6




	
   M -> m/z 171

	
264.1

	

	
258.1

	

	
286.6

	

	

	

	

	




	
   M -> m/z 159

	

	
245.2

	

	
245.4

	

	
246.3

	

	
240.2

	
244.4

	




	
  M -> m/z 127

	
309.1

	
306.9

	
304.3

	
281.6

	
347.3

	
279.0

	
311.8

	
309.6

	
283.2

	
345.7




	
   M -> m/z 101

	

	
244.7

	

	
239.6

	

	
238.6

	

	
239.7

	
239.6
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Table 7. The means of the R correlation indices for the fragmentation energy profiles of Structures 1–10 using the four methods for quantum calculations. Linear correlations were made between pairs of strings with energies calculated using two different methods, with the order of values being that in the relevant columns of Table 3, Table 4, Table 5 and Table 6.
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	Structures 1–10
	RM1
	PM7
	DFT ΔH
	DFT ΔG





	RM1
	1
	0.97
	0.92
	0.97



	PM7
	0.97
	1
	0.90
	0.96



	DFT ΔfH
	0.92
	0.90
	1
	0.95



	DFT ΔfG
	0.97
	0.96
	0.95
	1
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Table 8. ΔfH (M frag) calculated using RM1 (selection from Table 3).
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	Structures
	1
	2
	6
	8
	9
	Variance





	   M -> m/z 245
	212.4
	211
	211.6
	205.6
	206.4
	9.96



	   M -> m/z 187
	219.9
	220.1
	218.7
	211
	213.2
	17.61



	   M -> m/z 159
	220
	218.2
	219.5
	217.5
	217.6
	1.28



	   M -> m/z 127
	289.5
	264.9
	261.9
	291.1
	276.8
	182.34



	M -> m/z 101
	221.1
	219.8
	220.4
	218.3
	218.8
	1.31
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Table 9. The linear correlation indices R of the energy columns in Table 8 before (left) and after (right) the elimination of the corresponding aberrant string M -> m/z 127.
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	Structures
	1
	2
	6
	8
	9
	
	1
	2
	6
	8
	9





	1
	1
	0.9976
	0.9978
	0.9973
	0.9969
	1
	1
	0.9795
	0.9973
	0.8770
	0.9368



	2
	0.9976
	1
	0.9989
	0.9938
	0.9956
	2
	0.9795
	1
	0.9622
	0.7630
	0.8481



	6
	0.9978
	0.9989
	1
	0.9973
	0.9988
	6
	0.9973
	0.9622
	1
	0.9091
	0.9591



	8
	0.9973
	0.9938
	0.9973
	1
	0.9994
	8
	0.8770
	0.7630
	0.9091
	1
	0.9895



	9
	0.9969
	0.9956
	0.9988
	0.9994
	1
	9
	0.9368
	0.8481
	0.9591
	0.9895
	1
















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











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file30.png





media/file27.png





media/file18.png





media/file13.png





media/file26.png





media/file9.png





media/file22.png





media/file28.png





media/file23.png





media/file10.png





media/file5.png
miz 101 miz 159

oi\:/o 0 o\‘\
o0 LS
HO" WLO - OH

m/z 101 m/z 159 m/z 101 m/z 159
v(‘) f " %1 ‘S_Z—OH
8

vy :O: :O
o/ '1,../0





media/file15.png





media/file19.png





media/file14.png





media/file2.jpg
miz 101 miz 159 m/z 101 miz 159

~"% 7 PH
o/}gj 7 o
9, v )( o (o)
\ Ho' o
1 2 O
(DAG) (DAM)
OH
/_(__ mMz229<~ OH  mMz229~_ ?H
miz 229





nav.xhtml


  symmetry-14-01074


  
    		
      symmetry-14-01074
    


  




  





media/file11.png





media/file6.jpg





media/file29.png





media/file16.png





media/file20.png





media/file7.png
Structure 1 Structure 2 Structure 6

m/z 245 m/z 245 m/z 245
70 370 370
330
m/z 101 330 m/z 229 m/z 101 o= m/z 229 m/z 101 m/z 229
290 290 290
250 250 250
éo ° é‘ e é‘ ®
m/z 127 m/z 187 m/z 127 m/z 187 m/z 127 m/z 187
m/z 159 m/z 171 m/z 159 m/z 171 m/z 159 m/z 171
Structure 8 Structure 9
m/z 245 m/z 245
370 370
330
m/z 101 m/z 229 m/z 101 =2 m/z 229
290 290
250 250
.éf:@:' 4 u@ 4
m/z 127 m/z 187 m/z 127 m/z 187
m/z 159 m/z 171 m/z 159 m/z 171
Structura 3 Structure 4 Structure 5
m/z 245 m/z 245 m/z 245
70 370 370
m/z 101 339 m/z 229 m/z 101 330 m/z 229 m/z 101 330 m/z 229
290 290 290
250 250 250
. 210 210 210
m/z 127 m/z 187 m/z 127 e m/z 187 m/z 127 ® m/z 187
m/z 159 m/z 171 m/z 159 m/z 171 m/z 159 m/z 171
Structure 7 Structure 10
m/z 245
370 m/z 245
370
330
m/z 101 m/z 229 m/z 101 330 m/z 229
290 200
250 250
& @
210 ° 210 °
m/z 127 > m/z 187 m/z 127 @ m/z 187

m/z 159 m/fz 171 m/z 159 m/z 171





media/file24.png





media/file12.png





media/file3.png
m/z 101 m/z 159 m/z 101 m/z 159

\/(4) OH

7

-
m/z 229 ey O,
o O
) o~ o o
S






media/file0.png





media/file17.png





media/file4.jpg
m/z 101 m/z 159

3- Q O\l\
P I O
6 © J
m/z 101 m/z 159 m/z 101 m/z 159

?(3 5_7 03( }(O —S_Z—OH





media/file8.png





media/file25.png





media/file21.png





