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Hyacinthacines are important members of the pyidiie family, with several
compounds having ambiguous, revised or unveriftegcgires. Herein we thoroughly
explored the performance DP4 and DP4+ for thesilico stereoassignment of
hyacinthacines A2, A2 and five synthetic isomefse Tesults suggested that the quality
of the predictions strongly depended on the con&ional landscape provided by DFT
energies, with five compounds correctly assignedhé two cases incorrectly classified
we found that the source of the problem was condtional in nature, with spurious
conformations being considerably over-stabilizediftyamolecular H-bondings. We
showed that neglecting such shapes resulted intewonahy improvement, with all

compounds correctly assigned in high confidenc® 6%).
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1. Introduction

In the last decades, iminosugars (also termed gaesuhave received much interest
mainly because their promising biological actistid]. Particularly, polyhydroxylated
alkaloids that mimic the structures of sugars amespread in plants and have been
shown to inhibit glycosidases. These enzymes awehiad in several important

anabolic and catabolic processes, playing an aaberie in a wide variety of diseases.



The inhibition is due to the structural resemblanteheir sugar moiety to natural
substrates. Thus, glycosidase-inhibiting iminossigeould have enormous potential
applications as biochemical tools and therapeugjsnts [2].

Naturally occurring iminosugars are classified infove structural classes:
polyhydroxylated pyrrolidines, piperidines, indadimes, pyrrolizidines, and nortropans
[1]. An important group of polyhydroxylated pyrmoldine alkaloids are the
hyacinthacines, characterized by a common R-Fedro-1,2-dihydroxy-3-
hydroxymethylpyrrolizidine core (Figure 1) [3]. Thifferent hyacinthacine alkaloids
can be classified according to the substituentsgmteat C-5 (H, Me or —CGI@H), C-6
(H or OH) and C-7 (H or OH) in ring B. To date, dBferent members of the family
were isolated from extracts of thyacinthaceadamily, and were named4&, B;.7 and
Ci5 (Wwhere A, B and C accounts for the number of 8r 2 hydroxyl /hydroxymethyl
groups present at ring B, respectively) [2-5].
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n,m=0,1

Figure 1. General structure of the hyacinthacine alkaloids.

The structures of natural hyacinthacines have lEgarmined mainly from NMR
analysis. Hence, given the complexity and varietytreese compounds, it is not
surprising to find cases of structural ambiguitighjch seems to be often the case in the
field of natural products [6]. For example, in 20K&to et al. reported the isolation of
hyacinthacine C4 (Figure 2) [7], with identical stture to the previously isolated
hyacinthacine C1 [8], but with clearly different NRviata.

Because of the lack of X-ray crystallographic simoes of the natural isolates,
coupled with the structural complexity, total syegls has emerged as the only
alternative of stereochemical validation [5]. Soofethe natural hyacinthacines were
proved by synthesis, like A1-A3, A6, A7, B1-B5 a@a [1,5], whereas compounds A4,
A5, B6, C1 and C4 have not been synthesized yetth@nother hand, the putative
structures of some members were rejected by totahesis due to inconsistencies
between the spectroscopic data of natural and siatmaterial, 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 axgmples of structural ambiguity
or revision. Several unnatural isomers have alsnl@epared either as part of the
structural assignment or for medicinal chemistryppses [3], and in some cases the
putative synthetic structures had to be furtherremted. For example, during the
synthesis of unnatural isomers of A1 and A2 thacstires of some compounds were
initially reported wrongly [11a], later revised ltye same group some years later [11b]
(vide infrg).

In the last years, the number of publications destrating the convenience on the
use of quantum computational calculations of NMRftshto solve structural and
stereochemical issues has significantly increasé@]. [ Among the different
methodologies available to facilitate the assignm@mcluding CP3 [13], DP4 [14],
ANN-PRA [15], Case 3D [16], DU8+ [17], and DIiCE [)8we have introduced the
DP4+ probability as a suitable toolbox to deterntime most likely structure of a target
molecule when only one set of experimental NMR datavailable [19]. DP4+ is an
updated version of the popular DP4 method develdyye@oodman [14], and includes
the probability descriptors of both scaled and alet shifts. The other major



difference between both methods is related with lthesl of theory employed to
compute the NMR shifts. In particular, whereas ipdlhe GIAO calculations are done
using MMFF optimized geometries (highly convenianterms of computational cost)
[14], DP4+ requires an additional geometry optimi@aat B3LYP/6-31G* level [19].
Despite the greater CPU time involved, we showed Itioth modifications are needed
to improve the performance of the method [19-B@vertheless, both methods should
be taken as complements, as the fast DP4 calcudatian be used to guide tinesilico
assignment, further refined by DP4+ [21].

Irrespective the mathematical strategy behind théa dcorrelation, it must be
emphasized that in all cases the certainty of #sggament is strongly related with the
quality of the NMR prediction itself. Structuresafaring poorly computed NMR shifts
are expected to be classified as unlikely, regasdi@hether they are correct or not
[14,19]. On this subject, the molecular flexibiliimposes an additional problem, as the
calculated NMR values are the result of the con&diomal averaging, typically carried
out using Boltzmann analysis [12]. Hence, wheneWer computed conformational
landscape significantly differs from the experingmine, a potential drawback could be
foreseen. In the case of common non-polar orgaampounds with relatively low
conformational freedom the contribution exertedelgh rotamer can be well estimated
from the energies calculated at DFT levels, affogditypically accurate NMR
simulations and further safe assignment [12b]. 3denario is, however, quite different
when dealing with highly polar molecules bearingltiple H-bonding groups whose
NMR spectra are recorded in polar solvents sucb. & MeOH-d or DMSO-@. In
these cases, it is well known that DFT energiesd tém favor conformers with
intramolecular H-bonding, which in turn could offar distorted description of the
system [12b].

The real conformational behavior of polyalcoholsti®ngly governed by H-bonding
interactions, which could take place both intrad antermolecularly, giving rise to
complex temporal dynamics [22]. In addition, thedmen properties can influence the
H-bonding, affecting both the energy and geometrthe system, and representing the
main difficulty associated with the quantum-basddR\calculations of such type of
molecules [23]. It was pointed that the effect lué solvent on the NMR shifts of the
solute is indirect, with the solvent affecting gwnformational distribution of the solute,

in turn modifying the isotropic shielding valuesA[2 The use of molecular dynamics



has also been explored to explicitly account fer shlvent effect [24-25], though these
methods are too computationally demanding for #trat elucidation purposes. The
explicit inclusion of few solvent molecules for faer DFT treatment would also result
in a considerable increase in the overall companati cost given the number of
solute/solvent configurations to take into acco@n. the other hand, the effect of the
solvent can be included implicitly, typically usitige PCM or related solvation models
[25]. A substantial amount of computational worls limonstrated that the NMR shifts
of a wide variety of carbohydrates can be wellneated from DFT orab initio
calculations [25]. For that reason, it is by fae thost common approach to include
solvent effect in the field of DFT calculationsMMR shifts.

In an effort to understand the scope and limitatiati DP4 and DP4+ in the
stereoassignment of iminosugars, we turned ountaiteto the hyacinthacine family,
with many congeners incorrectly assigned in themepast and many others suggested
though not confirmed. In this work, we wish to dtrate the achievements and

difficulties surrounding our journey to pursue gaals.

Results and Discussion

We started our study by evaluating DP4 and DP4establish the relative configuration
of the simplest members of the hyacinthacine fanatyntaining substituents only at
ring A and leading to 8 possible diastereoisomé&igufe 3). After an exhaustive
literature search, we could find the experimentdRN data of seven compounds,
including1 (Al), 2 (A2), and five other synthetic isomef b, 6, 7 and8) [11,26]. As
discussed above, the compourigand 6 were initially reported a% and 4 [11a],
respectively, later revised in 2010 [11b]. Howewsnce the NMR shifts of the revised
3 and6 were not reported again after the final revision,took the experimental values

from the original reference.
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Figure 3. Structures of the eight possible diastereoisontensitral hyacinthacines Alland A2 ). Apart from the two
naturally occurring Al and A2, the NMR data of $yetic3, 5, 6, 7 and8 were also available.

Initially, an exhaustive conformational samplingcoimpoundd-8 was carried out with
the MMFFRy force field implemented in Macromodel [27] To peat missing
potentially relevant conformations, all conforméssind within 10 kcal/mol from the
global minima were kept for further NMR and/or gexing optimization calculations.
The number of unique conformations located osedlaaround 150 per isomer. All
conformers were next submitted to a geometry opation at the PCM/B3LYP/6-
31G* using water as solvent, and after removinglidages, all optimized structures
were submitted to the NMR calculation stage. TheRN&alculations were carried out at
the B3LYP/6-31G**//MMFF level (for DP4 analysis) @anPCM/mPW1PW91/6-
31+G**//B3LYP/6-31G* level (for DP4+ analysis). Theotropic shielding values were
finally Boltzmann averaged using the SCF relatinergies obtained from the NMR
calculations.

When correlating the calculated NMR values BB with the experimental data
available for seven isomers under stuthBd(5-8) using DP4 we noticed that only four
compounds were correctly assignddZ, 3 and8), two of them in high confidencd. (
and 8). The remaining 3 example®, (6 and 7) were incorrectly assigned, being
compound2 systematically pointed as the most likely struetuXoticeably, the DP4
probabilities computed foB and 7 when using the experimental NMR data of them
were surprisingly low (<0.1%), with the correctustiures being ranked at'and &'
position, respectively. As expected, the resultgproved with DP4+, with five
compounds correctly assignet], , 3, 5 and 8), most of them in high confidence.
Surprisingly, here again compounf@isand 7 afforded unusually bad results (DP4+ <

0.1%), being the5 and 4 isomers the most probable ones, respectively. The



corresponding right structures ®&and7 were very poorly ranked, taking th® &nd &'
positions, respectively, which in our experienceresented a highly unusual result. In
an effort to understand this sharp failure of DAUB in the stereoassignmentGénd

7 we thoroughly revised the experimental NMR dataregal for both, but we could not
find any evident source of error. Therefore, weatated that the problem arose during
the NMR calculation stage. The corrected mean absarrors (CMAE, defined as
Znldscaleadexpl/N) @and corrected maximum errors (CMaxErr, daxés — Sexd) Were
much higher fol6 and7 than those obtained for the remaining isomers.ifsiance, at
the PCM/mPW1PW91/6-31+G**//B3LYP/6-31G* both and 7 displayed the highest
13C-CMAE and®*C-CMaxErr values (2.70 ppm and 5.20 ppm, respdgtifer 6, and
2.80 ppm and 6.70 ppm, respectively, i)r On the other hand, the corresponding
values calculated fdk-3, 5 and8 were considerably lowet3C-CMAE range: 1.50-2.00
ppm, **C-CMaxErr range: 3.00-4.40 ppm). Similar trends aveoticed for the proton
shifts, with'H-CMAE values of 0.27 and 0.24 ppm #®=@nd7, respectively, doubling
the results obtained fot-3, 5 and 8 (0.104 ppm in the average). Such a modest
estimation of the NMR shifts & and7accounted for the low DP4/DP4+ probabilities
calculated after correlating the theoretical NMRadwith the experimental shifts of
both.

Table 1. DP4 and DP4+ probabilities, and CMAE and CMaxEtuga computed after correlating the experimentalR\Ndlta of
compoundd-3 and5-8 with the calculated NMR shifts df8.

Comp Probability CMAE® CMaxErrP®
- (rank)a 13C 1H 13C 1H
DP4
1 >99.9 (1°) 1.10 0.12 2.20 0.35
2 59.7 (1°) 2.10 0.14 3.40 0.34
3 51.3 (1°) 1.40 0.15 3.80 0.43
5 43.6 (2°) 1.20 0.15 2.20 0.26
6
7
8

<0.1 (7°) 3.10 0.42 7.20 0.93

<0.1 (6°) 2.90 0.24 6.50 0.56

98.7 (1°) 180 014 340 0.31
DP4+

>99.9 (1°) 15 0.12 3.9 0.41

>99.9 (1°) 15 0.10 3.5 0.31

97.7 (1°) 2.0 0.09 4.4 0.24

>99.9 (1°) 1.8 0.07 3.2 0.19

<0.1 (59 2.7 0.27 5.2 0.58

<0.1 (6°) 2.8 0.24 6.7 0.55

59.6 (1°) 1.5 0.14 3.0 0.28

a) Indicates the ranked position of the correanisoaccording to the probability values.
b) Computed by correlating the NMR data calculdtedhe corresponding isomer

from which the experimental NMR were taken (iecdal vs exp.1)
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To understand the origins of these findings, weollypsized that the disagreement

should be conformational in nature, with the cdmittion of spurious conformations



overestimated by DFT calculations. In this regaite conformational analysis of
substituted pyrrolizidine systems has received idengble attention. Early
investigations recognized that the pyrrolizidinecleus could exist in either aexo
buckled K type, Figure 4) oendebuckled (N type) conformations based on NMR data
and crystallographic studies [28]. In addition, doethe plausible nitrogen inversion
path the bicyclic system could beas or transfused depending on the relative
orientation of the bridgehead proton (H-7a) witle thitrogen lone pair. The lower
angular strain typically makes tloes conformations more stable than thansfused
ones, though it was pointed that ttis/transratio strongly depends on the type and
relative orientation of the substituents [29]. Aaling to our DFT calculations, there
are four representative types of conformationsthier pyrrolizidine core, with Figure 4
showing the B3LYP/6-31G* optimized structures fowafter exhaustive exploration of
the potential energy surface (PES). TheandN conformations feature the two five-
membered ringexo or endq respectively, whereas thé¢/N shape consists on one
pyrrolidine beingexoand the other onendo Apart from theseis-fused structures, we
also found the correspondingansfused structureT. The X is the most stable
conformation of the bicyclic system, being 2.1 Kiall lower in energy than thi
shape, with the intermediaté/N geometry lying in between &= 0.5 Kcal/mol),
whereas thd shape is highly unstable {F= 3.7 Kcal/mol). These results were in nice
agreement with Belostotskii’s findings [30], andrevdurther validated by us at the
MO06-2X/6-311+G** level.

Figure 4. B3LYP/6-31G* optimized conformations of the pyraidine ring. The relative energies are given inKoal.

With this interesting background in mind, we nexplered the global minima
conformations found for compoundsl-8 at the PCM/mPW1PW91/6-
31+G**//B3LYP/6-31G* level of theory. The results heved a clear

conformational/configurational dependences maintfated by the intramolecular H-



bonding arrays (Figure 5). Thasfused conformations were the global minima of
compoundsl1-3 (X type), 7 (X type) and5 (X/N type), whereas théransfused
structures were the most stable conformations afpmunds4, 6 and 8. The higher
stability of T shapes is mainly due to a forced H-bond betweenQH group at C-8
with the lone pair of the N atom, as previously gegjed by Skvortsov [29b]. In fact,
with the only exception of isomefg and 8, such H-bonding was present in all the
remaining global minima geometries highlighting rslevance in the DFT-based
conformational preference of this type of compoumdsreover, only the isomers with
C-3S configuration (compounddg, 6, 7 and 8) showed significantly populated
structures because of the adequate geometricalgligm of the N lone pair and C-8-
OH group to form non-covalent interactions. In toeresponding CR epimers thel
shapes are not stabilized because the impossibflity-bonding formation. Curiously,
the four isomers correctly assigned by DP4+ in laghfidence 1-3 and5) have the C-
3R configuration (with no energetically available shapes), whereas the isomers
misassigned@ and7) or assigned in low confidenc8)(by DP4+ are C-3 configured

with significantly populated forms.

Figure5. Global minima conformations of compounts located at the PCM/mPW1PW91/6-31+G**//B3LYP/6-31étel of
theory.

With the intention of finding a possible dependenaethe quality of NMR prediction
with the pyrrolizidine shape, we computed the mabsolute errors (MAE, defined as

absPexpy-Ocaid) arising from each individual conformations ohgpound6 (164 in total),



and arranged the data in terms of conformation typehe pyrrolizidine core. In
agreement with our hypothesis, the higher discreipanwere computed for th&
shapes, mainly in the case of proton data. Intewggt in the case 06 the T-shapes

account for the 95% of the Boltzmann populations.
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Figure 6. 'H (above) and®C (below) CMAE values obtained by correlating tHdRIshifts computed for each individual
conformer of6 at the PCM/mPW1PW91/6-31+G**//B3LYP/6-31G* levdltbeory with the experimental NMR shifts reporfed
6. For clarity, the CMAE values were sorted in astieg order of magnitude for each type of confororasi(X and X/N, N and T).

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

In the case of compound the situation became more complex. Apart fromdame
problem experienced witd shapes (in this case, accounting for the 49% ef th
Boltzmann population), we also found an additiooahflicting conformations arising
from intramolecular H-bonding between the OH groap€-1 and C-8. In these highly
contributing conformations (40% of the Boltzmanrmpplation) the pyrrolizidine core is
X shaped, featuring the three substituents at G2 a6d C-3 ipseudoaxial positions
(hence termei 4, see compound, Figure 5). Despite in principle such arrangement
would not seem unexpected, it showed poor match thi¢ scalar couplings reported
for 7. In particular, the experimental, ; is 9.3 Hz, indicating a clegrseudediaxial
disposition of both protons [11b]. However, in tXgx shapes the dihedral angles
between H-2 and H-3 are close to 90°, which shgigtd an almost null coupling
according to the Karplus equation. Since the H-2/Hiihedral angles of th&

conformations are also near 90°, and consideriaggtbe T and X, shapes account for



the 89% of the Boltzmann population, the compdted value was 3.6 Hz, much lower
than the experimental one.

According to our analysis the modest reproductibmhe NMR shifts was related, at
least in part, with the unexpectedly high contritm$ of T and X, conformations
(particularly important in compoundis 6, 7 and8). In order to understand if such trend
could be an artifact of the PCM/mPW1PW91/6-31+@3LYP/6-31G* level, we
decided to explore the conformational landscapeoofipound?7 at different levels of
theory. To avoid the daunting task of reanalyzing tonformational preference of all
rotamers, we narrowed the analysis by selecting fepresentative conformations of
(Figure 7). Compound-c67 (Xax shaped) is the global minima found at the DP4+¢llev
(PCM/mPW1PW91/6-31+G**//B3LYP/6-31G*){-c136 (T shaped) is the second most
stable conformation of, and7-c4 and7c-10 are the first two more stable structured of
appearing with nofl nor X4 shapes. It has been shown that BSLYP might afford
modest results when dealing with conformationadistsi of saccharides [31]. For that
reason, apart from increasing the basis set siB3L16G**) the geometries of these
structures were fully reoptimized in water (PCM)ings three additional DFT
functionals (M06-2X [32a], LC-TPSSTPSS [32b] anlB97XD [32c]).

L%

=]
7-c4 7-c10
Figure 7. B3LYP/6-31G* representative conformations of coumpd7

As shown in Table 1, despite the relative energfdbe four species strongly depended
on the level of theory, all functionals systemdticaredicted a higher stabilization of
the Xox andT shapes over th¥/N ones. Structur@-c67 (X, shaped) was the most
stable according to SCF energy, wheréasd36 (T shaped) was generally the most
stable according to Gibbs free energy calculatidde. the other hand, the more
“realistic” conformations/-c4 and7-c10 (featuring the requiredseudediaxial H-2/H-3
protons) were much higher in energy (between 1.23-Kcal/mol).



Table 2. Relative SCF and Gibbs free energies (in parerghesthe conformers shown in Figure 7 after f@lbmetry optimization
in water (PCM) at the 6-311+G** basis set.

Relative Energy (Kcal/mol)

Functional 7-c67 7-¢c136 7-c4 7-c10
(Xax) (M) (XIN) (XIN)
mPW1PW9i 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) 2.0Z73).
LC-TPSSTPSS 0.00 (0.02) 1.16 (0.00) 1.62 (1.19) 8 1733)
®B97XD 0.00 (0.37) 0.64 (0.00) 1.82 (1.88) 1.66 (.47

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

According to our results, the modest results exgpeed with compoundsand?7 might

be the result of an artifact arising from the Buolann distributions computed at DFT
level, overestimating the relative stability of ustwed conformations (or alternatively,
underestimating the relative stability of suitablees).

To avoid such spurious conformations Navarro Vazarel Gil have proposed a least-
squares deconvolution of different ensembles offaromers followed by Akaike
Information Criterion to select the optimal enseentilat explains the observed NMR
data [16]. Despite this exciting approach perfornmcely with molecules of low
conformational freedom, the number of possible erdes arising from highly flexible
molecules would prevent its application in thiseca®n the other hand, we recently
shown in a related case that the conflict exertgedHdbonding could solved by total
neglecting all questionable conformations [33]. Uéeided to follow this last approach
by removing all those conformations of compourdd® featuring aT shape and/or
intramolecular bonding between the OH groups at&d C-8. The NMR shifts were
re-computed with the remaining ones following ttendard approach to compute the
conformational amplitudes by Boltzmann. In excedllagreement with our heuristic
approach, the quality of the NMR prediction inceshsignificantly (mainly fo6 and?7,
but for other isomers as well). As expected, sunprovement was reflected in the
corresponding DP4 and DP4+ probabilities. With DiRé probabilities were more
modest, but still much better than initially obssatv(Table 1). The only compound
misassigned was stil, which was again identified in second place thowgth lower
confidence. On the other hand, all the isomers ustigly were correctly assigned in
high confidence (>95%) with DP4+, reinforcing onitial hypothesis.



Table 3. DP4 and DP4+ probabilities, and CMAE and CMaxEtuga computed after correlating the experimentalR\dl&ta of
compoundd-3 and5-8 with the calculated NMR shifts 4f8 after removing all th& shapes and conformations showing
intramolecular H-bonding between the OH groups-atahd C-8.

Probability CMAE® CMaxErrP®

Comp- Gank® “Tc W Tc ™
DP4
1 >009(19 11 012 22 035
2 759(19 20 015 35 034
3 593(19 14 015 38 043
5 03(29 16 019 36 047
6  >999(19 23 013 44 020
7 496(19 18 018 37 035
8  >999(19 19 014 36 0.3
DP4+
1 >909(19 15 012 39 041
2 >999(19 15 010 35 031
3 977(1% 20 009 44 024
5  >099(19 18 007 33 019
6  998(19 24 013 43 025
7 987(19 19 013 41 030
8  >099(19 14 010 38 021

a) Indicates the ranked position of the correanisoaccording to the probability values.
b) Computed by correlating the NMR data calculdtedhe corresponding isomer
from which the experimental NMR were taken (iecdal vs exp.1)

To further explore the negative effect that few bighly stable structures in terms of
NMR reproducibility, we recomputed the NMR shifts ammpoundsl-8 by removing
the most stable conformations regardless theireshdfigure 8 shows the DP4+ values
obtained after systematically discarding all confations within 2 Kcal/mol (Ensemble
A) and 4 Kcal/mol (Ensemble B) from the PCM/mPW1PMWR31+G**//B3LYP/6-
31G* corresponding global minima. The number of agnmg conformations were, in
the average, 90% (Ensemble A), and 64% (Ensemble B)

® Original ™ Ensemble A Ensemble B

DP4+

Isomer N2

M QOriginal ™ Ensemble A Ensemble B

3.0

2.5

2.0

1.5

1.0 —

13C CMAE (ppm)

05 - —

0.0 ~

Isomer N2

Figure 8. DP4+ (above) antfC-CMAE (below) values obtained for compourid3 and5-8 at the PCM/mPW1PW91/6-
31+G**//|B3LYP/6-31G* level of theory using threeffdirent ensembles of conformations: a) the fulldfetonformers, b) after
removing all conformations within 2 Kcal/mol frofe corresponding global minima (ensemble A), araftey removing all
conformations within 4 Kcal/mol from the corresporgiglobal minima (ensemble B).



To our surprise, after this completely counteritivei procedure the results significantly
improved. In the case of ensemble A, the DP4+ wabi®é and8 significantly jumped
from <0.1% and 59.6% (original ensemble) to 94.58d 89.5%, respectively. The
results with compound also increased, though in a more modest fashrom(k0.1%
to 5.2%). Noteworthy, in ensemble B the correspogddP4+ probabilities of these
three isomers reached >99.9% values. On the otat, the results obtained with the
compounds correctly assigned by DP4+ in high cemte {, 2, 3 and5) with the
original ensemble remained constant. In this regard also important to point out that
the *C and'H NMR shifts computed foll-3 and5-8 showed higher match with the
experimental values of the corresponding isomerrwhbeing ensembles A and B
(Figure 8).

Naturally, it would be extremely risky to suggestew way of computing NMR shifts
by systematic neglecting the most stable confownatifound. However, the results
herein presented showed a very interesting trendgesting that the wells on the
potential surface are not as deep as estimatethhgard DFT methods. In this regard,
it should be emphasized the quest regarding tHecoedormational landscape of these
compounds. In the light of the previous reportsgasting thel shapes as contributing
conformations of substituted pyrrolizidines [29],seemed clear that the removal of
conflicting conformations was a shortcut to imprakie NMR results. Current research
are being undertaken to develop general DFT-bas®exgures to assign other members
of the hyacinthacine family and will be publisheddue course.

3. Conclusion

We have thoroughly evaluated the performance of Dl DP4+ in the
stereoassignment of hyacinthacines Al and A2, arddther synthetic isomers. Our
results showed that the quality of the predictistiengly depend on the ability of DFT
methods to reproduce the conformational behaviothef system. Using the original
ensemble of conformers (as determined by standaslizrBann analysis), DP4+
correctly assigned five isomers, whereas the remgimvo examples (compounésand
7) were found highly unlikely. Prompted by this uoak result, we explored the
conformational landscape of these compounds anddfdbat the drawback arose
spurious intramolecularly H-bonded shapes arisimgmf over-stabilized DFT

energetics. In good agreement with this finding,shvewed that the results significantly



improved upon removing such conflicting conformasip with all isomers being
correctly classified by DP4+ in high probability9®.9%). Similar trends were observed

for DP4, though the results were more modest.

Computational Details

All the DFT calculations were carried out using &slan 09 [34]. Systematic
conformational searches were done with compoulkisat the MMFFR, force field
implemented in Macromodel [27]. All conformers fauwithin a 10 Kcal/mol window
from the corresponding global minima (1196 in tptaére kept for NMR calculations
at the B3LYP/6-31G** level (for DP4 analysis). laldition, all these structures were
submitted to full geometry optimizations at the PBBLYP/6-31G* level (using water
as solvent), including frequency calculations teniify the nature of the stationary
points found. After removing duplicates, all themaening structures (1037 in total)
were used as inputs for NMR calculations at the ARGRW1PW91/6-31+G** level of
theory, the recommended for DP4+ analysis [19hagisvater as solvent. The isotropic
shielding valuesd) were computed using the gauge including atomiitals (GIAO)
method [35], the recommended one to tackle the gaurgin problem for organic
molecules [12]. The calculations in solution werri@ed out using the polarizable
continuum model, PCM [36], with water as the sotv@rhe unscaled chemical shifts
(6y) were calculated with TMS as reference standacdraing tod,=ox-otms, Whereoy

is the Boltzmann averaged isotropic shielding vabfienucleusx and otys is the
isotropic shielding value of TMS computed at thenedevel of theory. The Boltzmann
averaging was done at room temperature (298 K)gudie SCF relative energies
extracted from the NMR calculation stage (B3LYPM&s3*//MMFF in case of DP4
and PCM/mPW1PW91/6-31+G**//B3LYP/6-31G* in case OfP4+). The scaled
chemical shifts ;) were obtained a&; = (6,-b)/m, where m and b are the slope and
intercept, respectively, resulting from a lineagression calculation on a plot &f vs
dexp The DP4 calculations were carried out using adromade Excel file built with the
statistical parameters originally reported [14]d dhe DP4+ calculations were carried
out using the Excel spreadsheet available fordtesarotti-NMR.weebly.com, or as part
of the Supporting Information of the original pajp&d].
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- Hyacinthacines are important members of the pyrrolizidine family
- Severa 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



