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ABSTRACT 

 

Hyacinthacines are important members of the pyrrolizidine family, with several 

compounds having ambiguous, revised or unverified structures. Herein we thoroughly 

explored the performance DP4 and DP4+ for the in silico stereoassignment of 

hyacinthacines A2, A2 and five synthetic isomers. The results suggested that the quality 

of the predictions strongly depended on the conformational landscape provided by DFT 

energies, with five compounds correctly assigned. In the two cases incorrectly classified 

we found that the source of the problem was conformational in nature, with spurious 

conformations being considerably over-stabilized by intramolecular H-bondings. We 

showed that neglecting such shapes resulted in a noteworthy improvement, with all 

compounds correctly assigned in high confidence (>99.9%).  

 

Keywords: DP4+, hyacinthacines, pyrrolizidines, H-bonding 

 

1. Introduction 

In the last decades, iminosugars (also termed azasugars) have received much interest 

mainly because their promising biological activities [1]. Particularly, polyhydroxylated 

alkaloids that mimic the structures of sugars are widespread in plants and have been 

shown to inhibit glycosidases. These enzymes are involved in several important 

anabolic and catabolic processes, playing an essential role in a wide variety of diseases. 
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The inhibition is due to the structural resemblance of their sugar moiety to natural 

substrates. Thus, glycosidase-inhibiting iminosugars could have enormous potential 

applications as biochemical tools and therapeutic agents [2]. 

Naturally occurring iminosugars are classified into five structural classes: 

polyhydroxylated pyrrolidines, piperidines, indolizidines, pyrrolizidines, and nortropans 

[1]. An important group of polyhydroxylated pyrrolizidine alkaloids are the 

hyacinthacines, characterized by a common 7a-R-hydro-1,2-dihydroxy-3-

hydroxymethylpyrrolizidine core (Figure 1) [3]. The different hyacinthacine alkaloids 

can be classified according to the substituents present at C-5 (H, Me or –CH2OH), C-6 

(H or OH) and C-7 (H or OH) in ring B. To date, 19 different members of the family 

were isolated from extracts of the Hyacinthaceae family, and were named A1-7, B1-7 and 

C1-5 (where A, B and C accounts for the number of 0, 1 or 2 hydroxyl /hydroxymethyl 

groups present at ring B, respectively) [2-5]. 
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Figure 1. General structure of the hyacinthacine alkaloids. 

 

The structures of natural hyacinthacines have been determined mainly from NMR 

analysis. Hence, given the complexity and variety of these compounds, it is not 

surprising to find cases of structural ambiguities, which seems to be often the case in the 

field of natural products [6]. For example, in 2007 Kato et al. reported the isolation of 

hyacinthacine C4 (Figure 2) [7], with identical structure to the previously isolated 

hyacinthacine C1 [8], but with clearly different NMR data.  

Because of the lack of X-ray crystallographic structures of the natural isolates, 

coupled with the structural complexity, total synthesis has emerged as the only 

alternative of stereochemical validation [5]. Some of the natural hyacinthacines were 

proved by synthesis, like A1-A3, A6, A7, B1-B5 and C2 [1,5], whereas compounds A4, 

A5, B6, C1 and C4 have not been synthesized yet. On the other hand, the putative 

structures of some members were rejected by total synthesis due to inconsistencies 

between the spectroscopic data of natural and synthetic material, as in the case of B7, 

C3 and C5 (Figure 2) [9,10].  
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Figure 2. Naturally occurring hyacinthacines 

 

Naturally occurring hyacinthacines are not the only examples of structural ambiguity 

or revision. Several unnatural isomers have also been prepared either as part of the 

structural assignment or for medicinal chemistry purposes [3], and in some cases the 

putative synthetic structures had to be further corrected. For example, during the 

synthesis of unnatural isomers of A1 and A2 the structures of some compounds were 

initially reported wrongly [11a], later revised by the same group some years later [11b] 

(vide infra). 

In the last years, the number of publications demonstrating the convenience on the 

use of quantum computational calculations of NMR shifts to solve structural and 

stereochemical issues has significantly increased [12]. Among the different 

methodologies available to facilitate the assignment (including CP3 [13], DP4 [14], 

ANN-PRA [15], Case 3D [16], DU8+ [17], and DiCE [18]), we have introduced the 

DP4+ probability as a suitable toolbox to determine the most likely structure of a target 

molecule when only one set of experimental NMR data is available [19]. DP4+ is an 

updated version of the popular DP4 method developed by Goodman [14], and includes 

the probability descriptors of both scaled and unscaled shifts. The other major 
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difference between both methods is related with the level of theory employed to 

compute the NMR shifts. In particular, whereas in DP4 the GIAO calculations are done 

using MMFF optimized geometries (highly convenient in terms of computational cost) 

[14], DP4+ requires an additional geometry optimization at B3LYP/6-31G* level [19]. 

Despite the greater CPU time involved, we showed that both modifications are needed 

to improve the performance of the method [19-20]. Nevertheless, both methods should 

be taken as complements, as the fast DP4 calculations can be used to guide the in silico 

assignment, further refined by DP4+ [21]. 

Irrespective the mathematical strategy behind the data correlation, it must be 

emphasized that in all cases the certainty of the assignment is strongly related with the 

quality of the NMR prediction itself. Structures featuring poorly computed NMR shifts 

are expected to be classified as unlikely, regardless whether they are correct or not 

[14,19]. On this subject, the molecular flexibility imposes an additional problem, as the 

calculated NMR values are the result of the conformational averaging, typically carried 

out using Boltzmann analysis [12]. Hence, whenever the computed conformational 

landscape significantly differs from the experimental one, a potential drawback could be 

foreseen. In the case of common non-polar organic compounds with relatively low 

conformational freedom the contribution exerted by each rotamer can be well estimated 

from the energies calculated at DFT levels, affording typically accurate NMR 

simulations and further safe assignment [12b]. The scenario is, however, quite different 

when dealing with highly polar molecules bearing multiple H-bonding groups whose 

NMR spectra are recorded in polar solvents such as D2O, MeOH-d4 or DMSO-d6. In 

these cases, it is well known that DFT energies tend to favor conformers with 

intramolecular H-bonding, which in turn could offer a distorted description of the 

system [12b]. 

The real conformational behavior of polyalcohols is strongly governed by H-bonding 

interactions, which could take place both intra- and intermolecularly, giving rise to 

complex temporal dynamics [22]. In addition, the medium properties can influence the 

H-bonding, affecting both the energy and geometry of the system, and representing the 

main difficulty associated with the quantum-based NMR calculations of such type of 

molecules [23]. It was pointed that the effect of the solvent on the NMR shifts of the 

solute is indirect, with the solvent affecting the conformational distribution of the solute, 

in turn modifying the isotropic shielding values [24]. The use of molecular dynamics 
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has also been explored to explicitly account for the solvent effect [24-25], though these 

methods are too computationally demanding for structural elucidation purposes. The 

explicit inclusion of few solvent molecules for further DFT treatment would also result 

in a considerable increase in the overall computational cost given the number of 

solute/solvent configurations to take into account. On the other hand, the effect of the 

solvent can be included implicitly, typically using the PCM or related solvation models 

[25]. A substantial amount of computational work has demonstrated that the NMR shifts 

of a wide variety of carbohydrates can be well estimated from DFT or ab initio 

calculations [25]. For that reason, it is by far the most common approach to include 

solvent effect in the field of DFT calculations of NMR shifts. 

In an effort to understand the scope and limitations of DP4 and DP4+ in the 

stereoassignment of iminosugars, we turned our attention to the hyacinthacine family, 

with many congeners incorrectly assigned in the recent past and many others suggested 

though not confirmed. In this work, we wish to illustrate the achievements and 

difficulties surrounding our journey to pursue our goals. 

 

Results and Discussion 

We started our study by evaluating DP4 and DP4+ to establish the relative configuration 

of the simplest members of the hyacinthacine family, containing substituents only at 

ring A and leading to 8 possible diastereoisomers (Figure 3). After an exhaustive 

literature search, we could find the experimental NMR data of seven compounds, 

including 1 (A1), 2 (A2), and five other synthetic isomers (3, 5, 6, 7 and 8) [11,26]. As 

discussed above, the compounds 3 and 6 were initially reported as 5 and 4 [11a], 

respectively, later revised in 2010 [11b]. However, since the NMR shifts of the revised 

3 and 6 were not reported again after the final revision, we took the experimental values 

from the original reference.  
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Figure 3. Structures of the eight possible diastereoisomers of natural hyacinthacines A1 (1) and A2 (2). Apart from the two 

naturally occurring A1 and A2, the NMR data of synthetic 3, 5, 6, 7 and 8 were also available. 
 

 

Initially, an exhaustive conformational sampling of compounds 1-8 was carried out with 

the MMFFaq force field implemented in Macromodel [27] To prevent missing 

potentially relevant conformations, all conformers found within 10 kcal/mol from the 

global minima were kept for further NMR and/or geometry optimization calculations. 

The number of unique conformations located oscillated around 150 per isomer. All 

conformers were next submitted to a geometry optimization at the PCM/B3LYP/6-

31G* using water as solvent, and after removing duplicates, all optimized structures 

were submitted to the NMR calculation stage. The NMR calculations were carried out at 

the B3LYP/6-31G**//MMFF level (for DP4 analysis) and PCM/mPW1PW91/6-

31+G**//B3LYP/6-31G* level (for DP4+ analysis). The isotropic shielding values were 

finally Boltzmann averaged using the SCF relative energies obtained from the NMR 

calculations.  

When correlating the calculated NMR values of 1-8 with the experimental data 

available for seven isomers under study (1-3, 5-8) using DP4 we noticed that only four 

compounds were correctly assigned (1, 2, 3 and 8), two of them in high confidence (1 

and 8). The remaining 3 examples (5, 6 and 7) were incorrectly assigned, being 

compound 2 systematically pointed as the most likely structure. Noticeably, the DP4 

probabilities computed for 6 and 7 when using the experimental NMR data of them 

were surprisingly low (<0.1%), with the correct structures being ranked at 7th and 6th 

position, respectively. As expected, the results improved with DP4+, with five 

compounds correctly assigned (1, 2, 3, 5 and 8), most of them in high confidence. 

Surprisingly, here again compounds 6 and 7 afforded unusually bad results (DP4+ < 

0.1%), being the 5 and 4 isomers the most probable ones, respectively. The 
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corresponding right structures of 6 and 7 were very poorly ranked, taking the 5th and 6th 

positions, respectively, which in our experience represented a highly unusual result. In 

an effort to understand this sharp failure of DP4/DP4+ in the stereoassignment of 6 and 

7 we thoroughly revised the experimental NMR data reported for both, but we could not 

find any evident source of error. Therefore, we concluded that the problem arose during 

the NMR calculation stage. The corrected mean absolute errors (CMAE, defined as 

Σn|δscaled−δexp|/n) and corrected maximum errors (CMaxErr, max|δscaled − δexp|) were 

much higher for 6 and 7 than those obtained for the remaining isomers. For instance, at 

the PCM/mPW1PW91/6-31+G**//B3LYP/6-31G* both 6 and 7 displayed the highest 
13C-CMAE and 13C-CMaxErr values (2.70 ppm and 5.20 ppm, respectively, for 6, and 

2.80 ppm and 6.70 ppm, respectively, for 7). On the other hand, the corresponding 

values calculated for 1-3, 5 and 8 were considerably lower (13C-CMAE range: 1.50-2.00 

ppm, 13C-CMaxErr range: 3.00-4.40 ppm). Similar trends were noticed for the proton 

shifts, with 1H-CMAE values of 0.27 and 0.24 ppm for 6 and 7, respectively, doubling 

the results obtained for 1-3, 5 and 8 (0.104 ppm in the average). Such a modest 

estimation of the NMR shifts of 6 and 7accounted for the low DP4/DP4+ probabilities 

calculated after correlating the theoretical NMR data with the experimental shifts of 

both. 

 

Table 1. DP4 and DP4+ probabilities, and CMAE and CMaxErr values computed after correlating the experimental NMR data of 
compounds 1-3 and 5-8 with the calculated NMR shifts of 1-8. 

 

Comp. Probability 
(rank)a 

CMAEb CMaxErrb 
13C 1H 13C 1H 

 DP4     
1 >99.9 (1º) 1.10 0.12 2.20 0.35 
2 59.7 (1º) 2.10 0.14 3.40 0.34 
3 51.3 (1º) 1.40 0.15 3.80 0.43 
5 43.6 (2º) 1.20 0.15 2.20 0.26 
6 <0.1 (7º) 3.10 0.42 7.20 0.93 
7 <0.1 (6º) 2.90 0.24 6.50 0.56 
8 98.7 (1º) 1.80 0.14 3.40 0.31 
 DP4+     

1 >99.9 (1º) 1.5 0.12 3.9 0.41 
2 >99.9 (1º) 1.5 0.10 3.5 0.31 
3 97.7 (1º) 2.0 0.09 4.4 0.24 
5 >99.9 (1º) 1.8 0.07 3.2 0.19 
6 <0.1 (5º) 2.7 0.27 5.2 0.58 
7 <0.1 (6º) 2.8 0.24 6.7 0.55 
8 59.6 (1º) 1.5 0.14 3.0 0.28 

a) Indicates the ranked position of the correct isomer according to the probability values.  
b) Computed by correlating the NMR data calculated for the corresponding isomer 

from which the experimental NMR were taken (ie. calcd. 1 vs exp. 1) 

 

To understand the origins of these findings, we hypothesized that the disagreement 

should be conformational in nature, with the contribution of spurious conformations 
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overestimated by DFT calculations. In this regard, the conformational analysis of 

substituted pyrrolizidine systems has received considerable attention. Early 

investigations recognized that the pyrrolizidine nucleus could exist in either an exo-

buckled (X type, Figure 4) or endo-buckled (N type) conformations based on NMR data 

and crystallographic studies [28]. In addition, due to the plausible nitrogen inversion 

path the bicyclic system could be cis or trans-fused depending on the relative 

orientation of the bridgehead proton (H-7a) with the nitrogen lone pair. The lower 

angular strain typically makes the cis conformations more stable than the trans-fused 

ones, though it was pointed that the cis/trans ratio strongly depends on the type and 

relative orientation of the substituents [29]. According to our DFT calculations, there 

are four representative types of conformations for the pyrrolizidine core, with Figure 4 

showing the B3LYP/6-31G* optimized structures found after exhaustive exploration of 

the potential energy surface (PES). The X and N conformations feature the two five-

membered rings exo or endo, respectively, whereas the X/N shape consists on one 

pyrrolidine being exo and the other one endo. Apart from these cis-fused structures, we 

also found the corresponding trans-fused structure T. The X is the most stable 

conformation of the bicyclic system, being 2.1 Kcal/mol lower in energy than the N 

shape, with the intermediate X/N geometry lying in between (Erel = 0.5 Kcal/mol), 

whereas the T shape is highly unstable (Erel = 3.7 Kcal/mol). These results were in nice 

agreement with Belostotskii´s findings [30], and were further validated by us at the 

M06-2X/6-311+G** level.  

 
Figure 4. B3LYP/6-31G* optimized conformations of the pyrrolizidine ring. The relative energies are given in Kcal/mol. 

 

With this interesting background in mind, we next explored the global minima 

conformations found for compounds 1-8 at the PCM/mPW1PW91/6-

31+G**//B3LYP/6-31G* level of theory. The results showed a clear 

conformational/configurational dependences mainly dictated by the intramolecular H-
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bonding arrays (Figure 5). The cis-fused conformations were the global minima of 

compounds 1-3 (X type), 7 (X type) and 5 (X/N type), whereas the trans-fused 

structures were the most stable conformations of compounds 4, 6 and 8. The higher 

stability of T shapes is mainly due to a forced H-bond between the OH group at C-8 

with the lone pair of the N atom, as previously suggested by Skvortsov [29b]. In fact, 

with the only exception of isomers 7 and 8, such H-bonding was present in all the 

remaining global minima geometries highlighting its relevance in the DFT-based 

conformational preference of this type of compounds. Moreover, only the isomers with 

C-3S configuration (compounds 4, 6, 7 and 8) showed significantly populated T 

structures because of the adequate geometrical disposition of the N lone pair and C-8-

OH group to form non-covalent interactions. In the corresponding C-3R epimers the T 

shapes are not stabilized because the impossibility of H-bonding formation. Curiously, 

the four isomers correctly assigned by DP4+ in high confidence (1-3 and 5) have the C-

3R configuration (with no energetically available T shapes), whereas the isomers 

misassigned (6 and 7) or assigned in low confidence (8) by DP4+ are C-3S configured 

with significantly populated T forms. 

 
Figure 5. Global minima conformations of compounds 1-8 located at the PCM/mPW1PW91/6-31+G**//B3LYP/6-31G* level of 

theory.  

 
With the intention of finding a possible dependence on the quality of NMR prediction 

with the pyrrolizidine shape, we computed the mean absolute errors (MAE, defined as 

abs[δexp-δcalc]) arising from each individual conformations of compound 6 (164 in total), 
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and arranged the data in terms of conformation type of the pyrrolizidine core. In 

agreement with our hypothesis, the higher discrepancies were computed for the T 

shapes, mainly in the case of proton data. Interestingly, in the case of 6 the T-shapes 

account for the 95% of the Boltzmann populations. 

 

 

 
Figure 6. 1H (above) and 13C (below) CMAE values obtained by correlating the NMR shifts computed for each individual 

conformer of 6 at the PCM/mPW1PW91/6-31+G**//B3LYP/6-31G* level of theory with the experimental NMR shifts reported for 
6. For clarity, the CMAE values were sorted in ascending order of magnitude for each type of conformations (X and X/N, N and T). 

The horizontal red line indicates the averaged CMAE values for each type of conformation.  

 

In the case of compound 7, the situation became more complex. Apart from the same 

problem experienced with T shapes (in this case, accounting for the 49% of the 

Boltzmann population), we also found an additional conflicting conformations arising 

from intramolecular H-bonding between the OH groups at C-1 and C-8. In these highly 

contributing conformations (40% of the Boltzmann population) the pyrrolizidine core is 

X shaped, featuring the three substituents at C-1, C-2 and C-3 in pseudo-axial positions 

(hence termed Xax, see compound 7, Figure 5). Despite in principle such arrangement 

would not seem unexpected, it showed poor match with the scalar couplings reported 

for 7. In particular, the experimental 3J2,3 is 9.3 Hz, indicating a clear pseudo-diaxial 

disposition of both protons [11b]. However, in the Xax shapes the dihedral angles 

between H-2 and H-3 are close to 90º, which should yield an almost null coupling 

according to the Karplus equation. Since the H-2/H-3 dihedral angles of the T 

conformations are also near 90º, and considering that the T and Xax shapes account for 
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the 89% of the Boltzmann population, the computed 3J2,3 value was 3.6 Hz, much lower 

than the experimental one.  

According to our analysis the modest reproduction of the NMR shifts was related, at 

least in part, with the unexpectedly high contributions of T and Xax conformations 

(particularly important in compounds 4, 6, 7 and 8). In order to understand if such trend 

could be an artifact of the PCM/mPW1PW91/6-31+G**//B3LYP/6-31G* level, we 

decided to explore the conformational landscape of compound 7 at different levels of 

theory. To avoid the daunting task of reanalyzing the conformational preference of all 

rotamers, we narrowed the analysis by selecting four representative conformations of 7 

(Figure 7). Compound 7-c67 (Xax shaped) is the global minima found at the DP4+ level 

(PCM/mPW1PW91/6-31+G**//B3LYP/6-31G*), 7-c136 (T shaped) is the second most 

stable conformation of 7, and 7-c4 and 7c-10 are the first two more stable structures of 7 

appearing with not T nor Xax shapes. It has been shown that B3LYP might afford 

modest results when dealing with conformational studies of saccharides [31]. For that 

reason, apart from increasing the basis set size (6-311+G**) the geometries of these 

structures were fully reoptimized in water (PCM) using three additional DFT 

functionals (M06-2X [32a], LC-TPSSTPSS [32b] and ωB97XD [32c]). 

 
Figure 7. B3LYP/6-31G* representative conformations of compound 7 

 

As shown in Table 1, despite the relative energies of the four species strongly depended 

on the level of theory, all functionals systematically predicted a higher stabilization of 

the Xax and T shapes over the X/N ones. Structure 7-c67 (Xax shaped) was the most 

stable according to SCF energy, whereas 7-c136 (T shaped) was generally the most 

stable according to Gibbs free energy calculations. On the other hand, the more 

“realistic” conformations 7-c4 and 7-c10 (featuring the required pseudo-diaxial H-2/H-3 

protons) were much higher in energy (between 1.25-2.02 Kcal/mol). 
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Table 2. Relative SCF and Gibbs free energies (in parenthesis) of the conformers shown in Figure 7 after full geometry optimization 

in water (PCM) at the 6-311+G** basis set.  

 

Functional 
Relative Energy (Kcal/mol) 

7-c67  
(Xax) 

7-c136  
(T) 

7-c4 
 (X/N) 

7-c10 
 (X/N) 

mPW1PW91a 0.00 0.17 1.43 1.27 
B3LYP 0.00 (1.39) 0.22 (0.00) 1.33 (2.12) 1.25 (1.86) 
M06-2X 0.00 (0.00) 1.39 (0.51) 1.82 (1.57) 2.02 (1.73) 

LC-TPSSTPSS 0.00 (0.02) 1.16 (0.00) 1.62 (1.19) 1.78 (1.33) 
ωB97XD 0.00 (0.37) 0.64 (0.00) 1.82 (1.88) 1.66 (1.47) 

a) Single point at PCM/mPW1PW91/6-31+G**//B3LYP/6-31G* 

 

According to our results, the modest results experienced with compounds 6 and 7 might 

be the result of an artifact arising from the Boltzmann distributions computed at DFT 

level, overestimating the relative stability of unwished conformations (or alternatively, 

underestimating the relative stability of suitable ones).  

To avoid such spurious conformations Navarro Vázquez and Gil have proposed a least-

squares deconvolution of different ensembles of conformers followed by Akaike 

Information Criterion to select the optimal ensemble that explains the observed NMR 

data [16]. Despite this exciting approach performed nicely with molecules of low 

conformational freedom, the number of possible ensembles arising from highly flexible 

molecules would prevent its application in this case. On the other hand, we recently 

shown in a related case that the conflict exerted by H-bonding could solved by total 

neglecting all questionable conformations [33]. We decided to follow this last approach 

by removing all those conformations of compounds 1-8 featuring a T shape and/or 

intramolecular bonding between the OH groups at C-1 and C-8. The NMR shifts were 

re-computed with the remaining ones following the standard approach to compute the 

conformational amplitudes by Boltzmann. In excellent agreement with our heuristic 

approach, the quality of the NMR prediction increased significantly (mainly for 6 and 7, 

but for other isomers as well). As expected, such improvement was reflected in the 

corresponding DP4 and DP4+ probabilities. With DP4 the probabilities were more 

modest, but still much better than initially observed (Table 1). The only compound 

misassigned was still 5, which was again identified in second place though with lower 

confidence. On the other hand, all the isomers under study were correctly assigned in 

high confidence (>95%) with DP4+, reinforcing our initial hypothesis.  
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Table 3. DP4 and DP4+ probabilities, and CMAE and CMaxErr values computed after correlating the experimental NMR data of 

compounds 1-3 and 5-8 with the calculated NMR shifts of 1-8 after removing all the T shapes and conformations showing 
intramolecular H-bonding between the OH groups at C-1 and C-8. 

 

Comp. Probability 
(rank)a 

CMAEb CMaxErrb 
13C 1H 13C 1H 

 DP4     
1 >99.9 (1º) 1.1 0.12 2.2 0.35 
2 75.9 (1º) 2.0 0.15 3.5 0.34 
3 59.3 (1º) 1.4 0.15 3.8 0.43 
5 0.3 (2º) 1.6 0.19 3.6 0.47 
6 >99.9 (1º) 2.3 0.13 4.4 0.20 
7 49.6 (1º) 1.8 0.18 3.7 0.35 
8 >99.9 (1º) 1.9 0.14 3.6 0.33 
 DP4+     

1 >99.9 (1º) 1.5 0.12 3.9 0.41 
2 >99.9 (1º) 1.5 0.10 3.5 0.31 
3 97.7 (1º) 2.0 0.09 4.4 0.24 
5 >99.9 (1º) 1.8 0.07 3.3 0.19 
6 99.8 (1º) 2.4 0.13 4.3 0.25 
7 98.7 (1º) 1.9 0.13 4.1 0.30 
8 >99.9 (1º) 1.4 0.10 3.8 0.21 

a) Indicates the ranked position of the correct isomer according to the probability values.  
b) Computed by correlating the NMR data calculated for the corresponding isomer 

from which the experimental NMR were taken (ie. calcd. 1 vs exp. 1) 

 

To further explore the negative effect that few but highly stable structures in terms of 

NMR reproducibility, we recomputed the NMR shifts of compounds 1-8 by removing 

the most stable conformations regardless their shapes. Figure 8 shows the DP4+ values 

obtained after systematically discarding all conformations within 2 Kcal/mol (Ensemble 

A) and 4 Kcal/mol (Ensemble B) from the PCM/mPW1PW91/6-31+G**//B3LYP/6-

31G* corresponding global minima. The number of remaining conformations were, in 

the average, 90% (Ensemble A), and 64% (Ensemble B).   

 

 
Figure 8. DP4+ (above) and 13C-CMAE (below) values obtained for compounds 1-3 and 5-8 at the PCM/mPW1PW91/6-

31+G**//B3LYP/6-31G* level of theory using three different ensembles of conformations: a) the full set of conformers, b) after 
removing all conformations within 2 Kcal/mol from the corresponding global minima (ensemble A), and c) after removing all 

conformations within 4 Kcal/mol from the corresponding global minima (ensemble B).  
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To our surprise, after this completely counterintuitive procedure the results significantly 

improved. In the case of ensemble A, the DP4+ values of 6 and 8 significantly jumped 

from <0.1% and 59.6% (original ensemble) to 94.5% and 99.5%, respectively. The 

results with compound 7 also increased, though in a more modest fashion (from <0.1% 

to 5.2%). Noteworthy, in ensemble B the corresponding DP4+ probabilities of these 

three isomers reached >99.9% values. On the other hand, the results obtained with the 

compounds correctly assigned by DP4+ in high confidence (1, 2, 3 and 5) with the 

original ensemble remained constant. In this regard, it is also important to point out that 

the 13C and 1H NMR shifts computed for 1-3 and 5-8 showed higher match with the 

experimental values of the corresponding isomer when using ensembles A and B 

(Figure 8).  

Naturally, it would be extremely risky to suggest a new way of computing NMR shifts 

by systematic neglecting the most stable conformations found. However, the results 

herein presented showed a very interesting trend, suggesting that the wells on the 

potential surface are not as deep as estimated by standard DFT methods. In this regard, 

it should be emphasized the quest regarding the real conformational landscape of these 

compounds. In the light of the previous reports suggesting the T shapes as contributing 

conformations of substituted pyrrolizidines [29], it seemed clear that the removal of 

conflicting conformations was a shortcut to improve the NMR results. Current research 

are being undertaken to develop general DFT-based procedures to assign other members 

of the hyacinthacine family and will be published in due course.  

 

3. Conclusion 

We have thoroughly evaluated the performance of DP4 and DP4+ in the 

stereoassignment of hyacinthacines A1 and A2, and five other synthetic isomers. Our 

results showed that the quality of the predictions strongly depend on the ability of DFT 

methods to reproduce the conformational behavior of the system. Using the original 

ensemble of conformers (as determined by standard Boltzmann analysis), DP4+ 

correctly assigned five isomers, whereas the remaining two examples (compounds 6 and 

7) were found highly unlikely. Prompted by this unusual result, we explored the 

conformational landscape of these compounds and found that the drawback arose 

spurious intramolecularly H-bonded shapes arising from over-stabilized DFT 

energetics. In good agreement with this finding, we showed that the results significantly 
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improved upon removing such conflicting conformations, with all isomers being 

correctly classified by DP4+ in high probability (>99.9%). Similar trends were observed 

for DP4, though the results were more modest.  

 

Computational Details 

All the DFT calculations were carried out using Gaussian 09 [34]. Systematic 

conformational searches were done with compounds 1-8 at the MMFFaq force field 

implemented in Macromodel [27]. All conformers found within a 10 Kcal/mol window 

from the corresponding global minima (1196 in total) were kept for NMR calculations 

at the B3LYP/6-31G** level (for DP4 analysis). In addition, all these structures were 

submitted to full geometry optimizations at the PCM/B3LYP/6-31G* level (using water 

as solvent), including frequency calculations to identify the nature of the stationary 

points found. After removing duplicates, all the remaining structures (1037 in total) 

were used as inputs for NMR calculations at the PCM/mPW1PW91/6-31+G** level of 

theory, the recommended for DP4+ analysis [19], using water as solvent. The isotropic 

shielding values (σ) were computed using the gauge including atomic orbitals (GIAO) 

method [35], the recommended one to tackle the gauge origin problem for organic 

molecules [12]. The calculations in solution were carried out using the polarizable 

continuum model, PCM [36], with water as the solvent. The unscaled chemical shifts 

(δu) were calculated with TMS as reference standard according to δu=σx-σTMS, where σx 

is the Boltzmann averaged isotropic shielding value of nucleus x and σTMS is the 

isotropic shielding value of TMS computed at the same level of theory. The Boltzmann 

averaging was done at room temperature (298 K) using the SCF relative energies 

extracted from the NMR calculation stage (B3LYP/6-31G**//MMFF in case of DP4 

and PCM/mPW1PW91/6-31+G**//B3LYP/6-31G* in case of DP4+). The scaled 

chemical shifts (δs) were obtained as δs = (δu-b)/m, where m and b are the slope and 

intercept, respectively, resulting from a linear regression calculation on a plot of δu vs 

δexp. The DP4 calculations were carried out using a home-made Excel file built with the 

statistical parameters originally reported [14], and the DP4+ calculations were carried 

out using the Excel spreadsheet available for free at sarotti-NMR.weebly.com, or as part 

of the Supporting Information of the original paper [19]. 
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- Hyacinthacines are important members of the pyrrolizidine family 

- Several hyacinthacines have ambiguous, revised or unverified structures 

- We explored DP4 and DP4+ in the stereoassignment of seven known hyacinthacines  

- The quality of the predictions strongly depended on the conformational preferences 

- Removing spurious conformations with intramolecular H-bonding improved the 
results 


