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ABSTRACT: Machine Learning (ML) profoundly improves accuracy of the fast DU8+ hybrid DFT/parametric computations
of NMR spectra, allowing for high throughput in silico validation and revision of complex alkaloids and other natural prod-
ucts. Of nearly 170 alkaloids surveyed, 35 structures are revised with the next generation ML-augmented DU8 method,

termed DUSML.

INTRODUCTION

Computational NMR is in a twilight zone today. Quan-
tum chemistry methods exist to compute chemical shifts
and nuclear spin coupling constants with high accuracy,
but as a rule these methods are not yet practical for large
natural products (NPs), where such computations may
take days, if not weeks of cpu time.! On the other hand,
existing Computer Assisted Structure Elucidators (CASE)?
- usually based on various neural networks (NN) algo-
rithms - generate and evaluate massive numbers of struc-
tural candidates in spectacularly short computational
times. Alas many of them severely lack in the accuracy de-
partment, unless augmented by DFT.

The niche between these two extremes must be filled
with both fast and accurate computational approaches.
One of these is to utilize calculations at the lower levels of
DFT theory as a "zeroth order" baseline, with subsequent
parametric corrections for the inevitable systematic errors.
Utilization of such remedial correction factors is broadly
precedented in quantum chemistry. One needs to look no
further than the venerable 0.89 to 0.96 scaling factors for
vibrational frequencies and zero-point energies calculated
at lower levels of ab initio theory.3

Today the introduction and optimization of massive
sets of such parametric corrections is termed machine
learning (ML), but it does not change the fact that one
achieves both a considerable acceleration of the computa-
tions and the improved accuracy at the same time, pro-
vided that the output of a minimalist level DFT calculation
is tweaked with a set of ML-derived empirical corrections.

This has been our approach, which resulted in DU8+ hy-
brid DFT-parametric method. In the lingo of the simplest
(human-mediated) machine learning, we "labeled" the
substructure fragments — which accounted for major devi-
ations in the DFT calculated values - with the appropriate
SMARTS strings# and trained the machine on a large set of
experimental nuclear spin coupling constants or chemical
shifts to detect the discrepancies and correct for them. In
2014, we expanded on Bally and Rablen's ideas of scaling
Fermi contacts and developed a fast and accurate method
for computing nuclear spin-spin coupling constants based
on a substructure-aware scaling.® Later we applied a simi-
lar methodology for calculations of chemical shifts.” Most
notably, for molecules containing heavy atoms, e.g. halo-
gens, this pragmatic approach circumvented the need to
deploy arduous spin-orbit coupling, SOC, calculations.
Uncorrected, the computed C-Br chemical shifts deviate by
more than 10ppm, and the C-I chemical shifts - by more
than 3oppm. In fact, more than a decade ago Braddock and
Rzepa in their reassignment of obtusallenes® suggested
that a fixed value correction for non-relativistic computa-
tions of C-Br/I chemical shifts could be a practical substi-
tute for the difficult SOC calculations. One imagines that
Rzepa's approach was an early instance of human-medi-
ated machine learning in computational NMR.

Shortly after our 2017 paper,? in which we presented bi-
nomial correction functions for chemical shifts of carbons
bearing heavy atoms, Fandrick, Gonnella and co-workers
published on what they call empirically derived systematic
error correction terms, which has a similar philosophy, al-
beit the corrections were single fixed value offsets.9 As the



terminology evolved, Zhang and co-workers call this ap-
proach Machine Learning Augmented DFT,* which prob-
ably most accurately reflects the nature of our efforts as
well. Similar approaches are beginning to emerge in the
field of computational NMR." Whatever the term is, em-
pirical corrections of NMR parameters calculated at the
light DFT levels could significantly improve the cost-bene-
fit outcomes for the current state of computational hard-
ware.

One practical inference from our prior observations is
that rigorous (and accurate) DFT or ab initio methods are
too slow and simply could not keep up with the flood of
published misassigned structures of natural products. As
we have shown in the past, depending on the nature of "dif-
ficult” structural elements, the misassignment rate for hal-
ogenated marine natural products’ or NPs containing
oxirane, oxetane,B triquinane,* or carboxylic anhydride®
and other'® moieties could be as high as 12-20%. This trans-
lates into a rather large number of incorrect structure as-
signments in need of revision, which accumulate with an
alarming rate. Yet, on the other end of this spectrum, over-
simplified zeroth order DFT methods augmented with
some version of ML at this time produce insufficient accu-
racy of calculated 3C chemical shifts, with rmsd's exceed-
ing 4-6ppm.">7 It may take time until the accuracy of
these methods is (systematically) improved to give a prac-
tical reassignment tool.

Our pragmatic objective was to develop a method capa-
ble of accurate computations of NMR chemical shifts and
spin-spin coupling constants (SSCC) of large NP's, such as
Cz2o-diterpenes, in 15-20 min of computational time on a
node of a garden variety Linux cluster accessible to most
practitioners in the field. With the most recent implemen-
tation of ML-augmented DU8+ method, that we now term
DUSML, we achieved these short computational times
without sacrificing the accuracy of computations, which
currently stands at rmsd=0.95ppm for 3C chemical shifts
(over the training set of 1K experimental chemical shifts)
and 0.28Hz for proton spin-spin coupling constants (train-
ing set of ~4K experimental J's).

With the new DUSML method, the rms deviations for
correct structures of NPs normally range from under 1.0 to
1.5 ppm. We are currently developing a DU8 implementa-
tion of Goodman's absolute DP5 scheme®® to attach proba-
bilistic values to potential candidate structures. However,
in this paper we will be using the rmsd values for 3C chem-
ical shifts as the primary criterion for our revisions or vali-
dations of the analyzed structures.

At this point our method is trained on the experimental
data obtained in chloroform solutions. For spectra in chlo-
roform we will report "rmsd"” values. Other solvents re-
quire an additional linear correction, and the results will
be reported as "crmsd," i.e. corrected-rmsd (see Supporting
Information for more detail).

Figure 1 shows the flowchart for DUSML. The orange
blocks outline the order of the underlying Gaussian com-
putations, while the purple ones illustrate the ML-derived
refinement of the DFT-computed values.
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Figure 1. DUSML flowchart.

Alkaloids are one of the most important classes of nat-
ural products. Their biological activity ranges from anti-in-
flammatory9*¢ to analgesic,’>* anti-cancer,'9*® antioxi-
dant,9* antimicrobial activity'c and a whole array of other
useful properties. The high value of alkaloids and their
synthetic derivatives for drug design and discovery imparts
additional burden on the accuracy of their solution struc-
ture elucidation in cases when x-ray analysis is not an op-
tion. Total synthesis of the putative structures remains a
powerful tool for validation or revision of alkaloids,?° alt-
hough it is far from "high throughput," and also is not fully
guaranteed from errors.'®® DUSML offers a practical and
robust tool for structure elucidation workflow.

RESULTS AND DISCUSSION

DUSML demonstrated excellent performance when
tested against a probe set of correct structures containing
synthetic nitrogen heterocycles, Table S1, and complex al-
kaloids, Table Sz2. The rms deviations of the 3C chemical
shift calculations for individual correctly assigned mole-
cules in this rather extensive probe set ranged from 0.79 to
1.36ppm. Cumulatively we examined nearly 170 reported
alkaloids and discovered 35 misassigned structures, for
which we proposed revisions matching the experimental
NMR data. While these examples were selected arbitrarily
for this paper, the misassignment rate of approximately
20% is in keeping with our previous observations. This
fast in silico structure revision work was only feasible be-
cause of the short computational times afforded by
DUSML. A typical distribution of the "wall clock" times
(i.e. elapsed, not cpu time) for the underlying Gaussiani6
DFT computations is presented in Figure 2 as a function of
molecular weight. Most calculations for diterpenoid- and
similar size alkaloids, including the structure optimization
step, were completed under 20 min, allowing for expedi-
tious and confident validation or revision of the structures.
Including synthetic nitrogen heterocycles, nearly 150 vali-
dation cases are presented in the Supporting Information
section and attest to the high fidelity of the method. Figure
3 illustrates a subset of validated structures to showcase
the complexity of alkaloids in the probe set and the accu-
racy of DUSML.
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Figure 2. Computational times as a function of molecular
weight.

The full set of validated structures, including natural al-
kaloids and synthetic nitrogen heterocycles, is presented in
the Supporting Information section. Below we discuss our
alkaloid structure revision results, beginning with less
complicated cases of smaller alkaloids and progressing to
more complex ones.
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Figure 3. A small subset of validated alkaloids (see Sup-
porting Information for the complete list).

Proton-deficient substituted alkaloids containing fused
fully- or partially conjugated rings present added challenge
for structure elucidation, complicating COSY- or HMBC-

based assignment of connectivity between the fused heter-
ocyclic moieties. Acanthiline A,* isolated from the Chinese
mangrove Acanthus ilicifolius Linn is an instructive exam-
ple, where the sole proton in the azaquinone ring is seven
bonds away from the closest proton in the indole ring, Fig-
ure 4. DUSML gave poor match for the originally proposed
structure, rmsd(8,5c)=9.48ppm, indicating misassignment.
Further analysis of discrepancies suggested that the pro-
posed indole moiety is unlikely. As the DUSML computa-
tional time for each of the C,,H,NO, candidate structures
was under 10 min, we were able to generate 21 revision can-
didates and promptly check them against the experimental
NMR data, converging on the shown revised structure,
rmsd(8;;c)=1.38ppm. Literature search has revealed that
the revised structure belongs to a known compound, baph-
icacanthin A, isolated from a related plant, Baphicacanthus
(Acanthaceae).>
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Figure 4. Revision of acanthiline A, tersone E, clonorosin
B, cinerol A and akodionine.

The next two alkaloids in Figure 4 were reported in
methanol-d4, necessitating additional linear correction of
the calculated chemical shifts. For this reason, we report
crmsd, i.e. corrected rmsd values.A phenylfuropyridone,
tersone E, isolated from the deep-sea fungus Phomopsis
tersa, was assigned a 4-pyridone structure. This putative



structure was rejected by DUSML with poor
crmsd(8;50)=4.49ppm.  "Flipping" the fused cyclopente-
nofuran produced the shown revised structure,
crmsd(8;5c)=1.00ppm. Literature search uncovered that
this alkaloid was previously isolated from Penicillium sp.
FKI-1938 and named citridone A.># Curiously, a recent re-
vision of drazepinone,? isolated from another marine-de-
rived fungus Penicillium sumatrense, also resulted in the
same citridone A structure, attesting to the importance of
dereplication efforts.

Clonorosin B, the third example in Figure 4, an indole
alkaloid isolated from a soil-derived Clonostachys rosea,*
also showed a very poor match with the DUSML-computed
values, crmsd(8,5c)=9.25ppm. The most prominent dis-
crepancies were associated with the carboxylate and two
ortho-carbons, C1 and Ci2. The peak for methylene Cu at
44.4ppm indicated C-N connection. These observations
narrowed the number of candidate structures to twelve, for
which DUSML calculations took 2-5min per candidate, re-
sulting in the shown pyrrolo-piperidone as the final revi-
sion, crmsd(8,5¢)=1.15ppm.

Nitrogenous meroterpenoid cinerol A,* isolated from
the marine sponge Dysidea cinerea, also required a "flip" of
the amidine moiety fused to the phenol pendant. Addi-
tionally, cinerol A appears to be protonated, as confirmed
by the matching computed chemical shifts for the shown
protonated species, rmsd(8,5c)=1.32ppm. (See Supporting
Information for additional examples of complications due
to protonation in NMR solvents ostensibly containing
acidic impurities).

Finally, an unusual structure was proposed for alkaloid
akodionine, a secondary metabolite from the endophytic
fungus Xylaria cubensis,*® Figure 4. DUSML showed signif-
icant discrepancies for the NMR calculated for its putative
structure, rmsd=5.61ppm. The spectral data for akodio-
nine was reminiscent of proline-based diketopiperazines,
and the calculated values for cyclo(Pro-Val) provided an
excellent match with the experimental data,
rmsd(8,;c)=1.08ppm, settling the revision.

Several examples of structure revisions not matching
the original mass-spectrometry (MS) data are shown in
Figure 5. The proposed structure of diketopiperazine
matsudipeptide A, isolated recently from the fruiting bod-
ies of the edible mushroom Tricholoma matsutake, con-
tains an endoperoxide moiety, which was inconsistent with
the calculated 3C chemical shifts, rmsd=2.85ppm. As the
major deviations were co-located in the 1,3,4-azadioxane
ring, we explored different isomers of oxazolidino-diketop-
iperazine, and revised the structure of matsudipeptide A to
the cis-dimethyloxazolidine shown in Figure 5, which
matched the experimental NMR data with rmsd=o0.71ppm.

Another error was identified in the series of N-formyl-
nortropane alkaloids, isolated from the leaves and bark of
Pellacalyx saccardianus, 3° which we revised to their thi-
oformyl derivatives. The listed 3C values for the formyl
groups were much too high (~18oppm) for a formamide de-
rivative. Another compound in this series, 3a¢-cinnamoyl-
N-formylnortropane (not shown), which was assigned cor-
rectly, has the formyl peak expectedly at a higher field,

157.4 ppm. Revision of these nortropanes is all the more
important given the fact that the 3a-benzoyloxy derivative
has demonstrated high relaxant activity in a carbachol-in-
duced contraction assay, with ECs, = 3.6pM.

Magnificines A and B, alkaloids containing hydroper-
oxy-oxazolidinone moiety, were recently isolated from the
Red Sea sponge Negombata magnifica,> Figure 5. How-
ever, the DUSML calculated spectra showed irreconcilable
differences with the reported NMR data. As these alkaloids
demonstrated modest antimicrobial activity against three
pathogens, we deemed it important to pursue the revision
of their misassigned structures. Our efforts resulted in an
unexpected finding: DUSML computations of a series of
candidate structures led to our revision of magnificines to
the known loliolide (at times dubbed the most ubiquitous
monoterpenoid lactone) and its 3-epimer. The experi-
mental NMR data for loliolide and epi-loliolide also match
that of magnificines perfectly. The difference in the exact
masses between the putative magnificines and loliolides
account for a molecule of nitric acid, HNO;, but the by far
largest peak in the LRESIMS spectrum found in the sup-
porting information for the original paper is labeled 219.08,
which is close to 219.099 [loliolide+Na*].

P
o0y N revised /\')1\
i (I N
OoN = \,N
H A H
= (¢]
matsudipeptide A oxazolidino-

rmsd (843¢) 2.85ppm rmsd (843¢) 0.71ppm

O
HN—( /k(ll\
>“" N rewsed
Wl T -
akodionine cyclo(Pro-Val)

rmsd (343¢) 5.61ppm

>_ revised

OHC—N ) ZLLTO I,

rmsd (343c) 1.08ppm

NG sm—@ o

R=Me, 3a.-acetoxy-N-formylnortropane N-thioformyl-

rmsd (343¢) 7.94ppm rmsd (343¢) 0.99ppm

R=Ph, 30-benzoyloxy-N-formylnortropane ~ N-thioformyl-

rmsd (843¢) 6.70ppm rmsd (343¢) 1.03ppm

R=Bn, 3a.-phenylacetoxy-N-formylnortropane  N-thioformyl-

rmsd (843¢) 6.32ppm rmsd (843¢) 1.10ppm

io_

(]
““O’&
o
T

epi-loliolide
rmsd (843¢) 1.03ppm

magnificine A
rmsd (843¢) 7.79ppm

Hoo %
N rewsed
P
0 “oH
OH
magnificine B loliolide

rmsd (343c) 8.22ppm rmsd (343¢) 1.16ppm

Figure 5. Revisions of matsudipeptide A, akodionine,
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Human chemical intuition was used in this study to
limit the range of candidate structures to a small subset of
the most likely ones. Yet, the short computational times
afforded by DUSML could potentially allow for screening
massive sets of computer-generated candidates in a fully
automated manner in a practical time frame. Such fully
automated structure generators based on chemical formu-
lae are broadly available. Still, the challenges for automa-
tion are highlighted by revisions in Figure 5, where the in-
correct chemical formulae were derived from the errone-
ous analysis of the MS data.

Figure 6 shows another common misassignment in nat-
ural products, including alkaloids, i.e. incorrect regio-
placement of substituents. For example, a C20-diterpenoid
alkaloid majusidine B, isolated from Delphinium majus,3
was assigned a 3-oxo group in the A ring. While the rest of
the molecule was matching the predicted values, our cal-
culations were consistent with the carbonyl group in posi-
tion 2, rmsd=1.17ppm (note that we truncated the acyl tail
to acetate for computational simplicity).
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other thirty alkaloids from aerial parts of Tabernaemon-
tana bovina,» was assigned based on a similar 14B-hydroxy-
meloyunine isolated earlier from leaves and twigs of
Melodinus yunnanensis. 3 While DUSML confirms the
core structure for both, it is clear that the methoxy group
in "10"-methoxy-140-hydroxymeloyunine should be moved
to position 12.

A related alkaloid 14B-hydroxymeloyunine exhibited
additional deviations of the computed values in the vicinity
of C14. Inversion of stereoconfiguration at C14-OH did not
help to reconcile the calculated chemical shift for this car-
bon, which differed from its experimental value by nppm.
At the same time, exclusion of the Ci4 values from the anal-
ysis produced an excellent crmsd(8,;c)=1.04ppm. This be-
havior, i.e. strictly local perturbation of a single chemical
shift, was precedented in our prior work and pointed to the
chloro-substitution. We therefore revised 14p-hydroxy-
meloyunine to the shown 14a-chloromeloyunine, which
produced an excellent match between the calculated and
experimental chemical shifts, crmsd(8,;c)=0.82ppm. It is
not clear whether this nitrogen mustard is formed during
an isolation step involving hydrochloric acid. The 14-epi-
mer of the chloride was also considered but ruled out due
to inferior matches for both chemical shifts and proton
spin coupling constants.

With modern 2D NMR experiments available for thor-
ough solution structure elucidation of natural products —
especially in the context of atomic and fragment connec-
tivity — misassignments of individual stereogenic centers
remain the most common error. As we reported in the
past, the oxirane moiety in complex natural products pre-
sents difficulty for the assignment of its stereoconfigura-
tion.> Alkaloids are no exception: secondary metabolites
isolated from the twigs of Securinega suffruticosa, se-
curingines C and D possess the C2-C3 epoxide moiety, Fig-
ure 7. DUSML analysis of their 3C chemical shifts gave
marginally acceptable rmsd's under 1.7ppm. However, the
3,4-epimer for securingine C and the 2,3,4-epimer for se-
curingine D match the experimental data with superior
rmsd's not only for 3C chemical shifts, but also for SSCCs
and 'H chemical shifts.
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Figure 6. Revision of majusidine B and hydroxymel-
oyunines.

The structure of a vincan-type alkaloid 10-methoxy-140-
hydroxymeloyunine, Figure 6, recently isolated among the
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Figure 7. Revision of misassignments in stereoconfigura-
tion.

We therefore revised securingines C and D to their dia-
stereomers shown in Figure 7. Similar revision of the epox-
ide configuration was required for sterostrein X.3s Indole

alkaloid clonorosin A, isolated from a soil-derived fungus
Clonostachys rosea*® (same as clonorosin B above), re-
quired correction of stereoconfiguration at C2-C3, as
shown, which brought the crmsd(8,;c) from 2.28ppm to
1.07ppm.

Quinolinic scandine-type monoterpenoid alkaloid ox-
oscandine, isolated from a woody liana Melodinus henryi
Craib,3¢ was assigned an unusual trans-fusion of a cyclo-
pentane ring to the quinolinone moiety which, according
to DUBML, needed correction. The structure of ox-
oscandine is now revised to the shown 16-epimer.Stere-
oconfiguration at Ci for two elemane alkaloids, clavu-
lacylides B and D, isolated from the soft coral Clavularia
inflata, needed correction to 1-epimer, matching the Ci-
stereoconfiguration of their saturated congeners clavu-
lacylides A and C (not shown) isolated in the same cam-
paign.

Revision of kopsiyunnanine L,3® a terpenoid indole al-
kaloid3? isolated from Kopsia arborea, to its 18-epimer illus-
trates a challenging circumstance when the stereochemical
assignment could not reliably be made with the analysis of
proton coupling constants. Both the original and the re-
vised structures give very similar rmsd(]), 0.65Hz and
0.56Hz. However, rmsd(8c) differ by a factor of two, i.e.
2.81 and 1.42ppm, even though the revision involves only
one stereogenic center. A similar single C6-stereocenter
revision was needed for kiritine, a diterpenoid alkaloid
from the roots of Aconitum kirinense Nakai.#°

Three stereogenic centers in the steroidal alkaloid from
Varatrum nigrum L# needed correction, Figure 7. Despite
the formidable size of this 28-carbon structure, DUSML
computations for individual conformers required relatively
short time in the range of 20-35 min, including the Fermi
contact calculations. Finally, the last examples in Figure 7
show our revision of stereoconfiguration in indole-diterpe-
noids, 19-hydroxypenitrems A and B. These two 37-carbon
structures, approaching MW of 650, also required less than
an hour of wall clock time per conformer, which we deem
very much practical.

Figure 8 illustrates that the conformationally flexible
perhydro pyrrolo[2,1,5-de]quinolizine core of crepidine
and its congeners seem to present significant challenges
for stereochemical assignment in this family. Crepidine it-
self was isolated in 1970 and characterized at least twice by
x-ray crystallography, 4 last time in 2019 but, to the best of
our knowledge, its 3C NMR was not reported. However,
its diastereomers and other alkaloids possessing the pyr-
rolo[2,1,5-de]quinolizine core have subsequently been iso-
lated and characterized by NMR. Yet most required revi-
sion.

Crepidatumines C and D were recently isolated to-
gether with crepidamine from an orchid family plant Den-
drobium crepidatum Lindl. ex. Paxt. As shown in Figure 8,
crepidatumine D needed a revision to 1,5-epimer, which
brought its stereochemistry in agreement with crepidine.
Crepidatumine C showed significant mismatch between
the computed and experimental NMR data, and is dis-
cussed below, in Figure 9.



Figure 8 also shows dendrocrepidines# which were re-
cently isolated from another species of orchid, Dendrobium
crepidatum. Stereoconfiguration at carbons C1, Cs, and Cg
illustrate a diversity of ring fusions in the crepidine family.
Dendrocrepidine A required correction of stereoconfigura-
tion at C6, making it a 3-epimer of crepidine.

1,5-epimer
crmsd (843¢) 1.09ppm

crepidatumine D
crmsd (843¢) 3.32ppm

6-epimer
(3-epimer of crepidine)
rmsd (343¢) 1.02ppm

dendrocrepidine A
rmsd (843¢) 1.70ppm

1,9-epimer
rmsd (843¢) 1.06ppm

dendrocrepidine B
rmsd (843¢c) 1.48ppm

T He!

dendrocrepine N-oxide

dendrocrepidine E

rmsd (843¢) 8.60ppm rmsd (843¢) 1.16ppm

Figure 8. Revision of crepidine congeners.

DUSML calculations also disagree with the original
structure proposed for dendrocrepidine B, which we re-
vised to the shown 1,9-epimer (here, and throughout the
paper, relative stereochemistry is implied). The last revised
alkaloid in Figure 8, dimeric dendrocrepidine E, was as-
signed an unusual 1,2-dioxolane structure, which also
showed irreconcilable differences with our calculations.
The spectra of dendrocrepidine E were reminiscent of den-
drocrepine, 44 except for the low field peaks suggesting
that one of the monomeric units is an N-oxide. Further
calculations supported this hypothesis. We revised the
structure of dendrocrepidine E to the shown mono N-oxide
of dendrocrepine, rmsd(8,;¢)=1.16ppm.

In the dendrocrepidine F case, bottom of Figure 8, x-ray
structures for both the (-)-enantiomer and the racemate
were obtained, so the structure of dendrocrepidine F is un-
ambiguously established. However, the published tabu-
lated 3C NMR chemical shift values are not in agreement
with the x-ray structure, rmsd(8;;¢c)=3.84ppm. This illus-
trates another pitfall of the natural product research. The
5C spectrum in the SI section of the original paper contains
seven extra peaks, and it is not entirely clear how the re-
ported values were selected for tabulation in the main
manuscript.

Figure 9 addresses the special case of crepidatumine C.
The most offending deviation was for C-1 listed at 74.8ppm,
which hinted at a C-O, not C-N bond. Insertion of oxygen
atom into the N-C1 bond gave the shown revised structure,
rmsd(8,;c)=1.06ppm. Such perhydro-pyridooxazine cores
are rare, but precedented in phyllanthidines (see Sup-
porting Information) and securingine B.4#¢ DUSML gave an
excellent match for both, Figure 9. However, another pur-
ported occurrence of the pyridooxazine core in asiati-
cumine B# did not withstand the scrutiny of DUSML,
which revealed misassignment, crmsd(8,5c)=4.77ppm

crepidatumine C
crmsd (843¢) 4.60ppm

perhydro-pyrido[1,2-b][1,2]oxazine
crmsd (343¢) 1.06ppm

asiaticumine B
crmsd (843¢) 4.77ppm

lycorine N-oxide
rmsd (313¢)exp-exp 0-65ppm

Figure 9. Revision of crepidatumine C and asiaticumine B.

Our calculations confirmed that asiaticumine B is in
fact lycorine-N-oxide, a known alkaloid.#® The experi-
mental 3C chemical shifts reported for lycorine-N-oxide in
methanol matched the experimental data for asiaticumine
B with rmsdeyp-exp=0.65ppm. It appears that the revised
structure of crepidatumine C is the first example of the



perhydro-pyridooxazine core found among the crepidine
congeners, and only a second alkaloid type which contains
such core, in addition to securingins. Given a large number
of alkaloids possessing an N-oxide moiety, it is only a mat-
ter of time before other families of pyrido-oxazine contain-
ing NPs are discovered.

Another particularly challenging NMR problem is the
assignment of the N-oxide stereochemistry in complex al-
kaloids. As an example, for the vincanmine derivatives
shown in Figure 10 - which were isolated from Tabernae-
montana bovina in the same campaign as was the revised
10-methoxy-14a-hydroxymeloyunine above3 - the authors
did not attempt to assign stereoconfiguration of the N4-
oxide. DUBML allowed for differentiation between the 4
and 4f3 N-oxides with high confidence, consistently point-
ing to the 4« stereoconfiguration at N4.

MeO. ‘
ot a-N4-oxide
crmsd (343¢) 1.53ppm

MeO o
MeO,C"'} /
o/

10,11-dimethoxy-16-epi-14,15-
didehydrovincanmine N4-oxide

B-N4-oxide

2 a-N4-oxide
crmsd (843¢) 1.73ppm

10,11-dimethoxy-14,15-
didehydrovincanmine N4-oxide

B-N4-oxide
crmsd (843¢) 2.72ppm

Figure 10. Stereoconfiguration assignment of N-oxides.

Complexity of alkaloids seemingly does not know lim-
its. For example, rupestrisines A and B which were re-
cently isolated from plant Alstonia rupestris and character-
ized as unprecedented yohimbine-kopsinine type hetero-
dimeric indole alkaloids,* possess 42 carbon atoms with
MW approaching 700 Daltons. Their solution structures
were elucidated with the full assortment of modern NMR
experiments augmented with computations of ECD spec-
tra. The authors correctly deciphered all the atomic con-
nectivities and assigned correct stereoconfiguration to
most stereogenic centers. DUSML computations cor-
rected a small number of stereogenic centers as shown in

Figure 11; i.e. rupestrisine A is revised to its 3'-epimer, and
rupestrisine B is revised to its 3',15,16-epimer. Importantly,
even for these large molecules, the computational
(elapsed) time was 1.2-1.5 hours for each of the four con-
formers on a single node of a Linux cluster.

An unusual representation of stereochemistry around
C3'-C14'-C15' bridge necessitated an additional check with
a 3D drawing of rupestrisines in the original publication to
orient the methylene Ci4' as the authors intended. Our
drawing of this fragment in the revised structures helps to
avoid confusion, provided one adheres to the prevalent
mode of representation for the bicyclic moieties. Drawing
uncertainties like this one are ubiquitous in the natural
products literature. We refer everyone interested in hon-
ing their structure drawing skills to an excellent piece by
Tantillo, appropriately titled Drawing Polycyclic Mole-
culess° (see Supporting Information for more examples).

rupestrisine A
rmsd (843¢) 6.48ppm

3'-epimer
rmsd (343¢) 1.33ppm

rupestrisine B
rmsd (343¢) 7.66ppm

3',15,16-epimer
rmsd (843¢c) 1.11ppm

Figure 11. Stereogenic centers revision in rupestrisines A
and B.

DUSML predicts NMR properties of individual con-
formers exceptionally well. However, the structure opti-
mizations are carried out at a light B3LYP/6-31G(d) level of
DFT theory. This implies that one typical source of uncer-
tainty in large, conformationally-flexible systems is the im-
perfect relative energies of conformers used to calculate
their Boltzmann populations. For molecules possessing
shallow minima on the potential energy surface (PES), this
difficulty is particularly pronounced. Often, spin-spin
coupling constants calculated for individual conformers
differentiate significantly, providing an adequate dynamic
range to refine the position of conformational equilibrium
via J-fitting, i.e. fine-tuning of the conformer ratio to better
match the calculated constants to the experimental ones.®
However, in many cases of proton-deficient NPs this is not
an option. We suggest that as the accuracy and reliability
of the 3C calculations improves, one could use a similar -
fitting procedure to refine the conformer ratios, as long as



such tweaking of the Boltzmann populations does not out-
strip the energy calculation errors, expected for a given
structure optimization method.5 An instructive example
of this is our revision of the structure of neuroprotective
cyclopeptide cyctetryptomycin A isolated with its isomer,
cyctetryptomycin B, from Saccharopolyspora hirsuta DSM
44795, Figure 12. With crmsd(8;c)=1.25ppm, DUSML
confirmed the structure of its congener, cyctetryptomycin
B, where the "south-east" indole moiety was connected via
N2o to carbon 18' of the "north-east" indoline. However,
the calculated chemical shifts for the structure of cycte-
tryptomycin A were in a bad disagreement with the exper-
imental data, crmsd(8;c)=3.7o0ppm. The most obvious
mismatch was for Ci9, where the experimental and com-
putational data were more than 14 ppm apart. Another of-
fending carbon was C22, ASexp-calc > 9. The HSQC data seem
to relate C23 to a very narrow multiplet of H23, not con-
sistent with the expected aromatic triplet and its calculated
proton spin coupling constants J,,,;=8.2Hz and J,,
.4s=7.1Hz. We reassigned this narrow multiplet to Hig, as-
suming a small splitting on the neighboring NH. The cal-
culated 3C chemical shift for Cig also supported this as-
signment. Cumulatively, these observations suggested

that the connecting bond C19-C18' ought to be revised to
C22-C18.

o H

cyctetryptomycin B
(correctly assigned)
crmsd (843¢) 1.37ppm "

connected via C18'-C22

crmsd (843¢) 1.91ppm
f-crmsd (843¢) 1.35ppm

cyctetryptomycin A
crmsd (843¢) 3.70ppm

Figure 12. Structure revision of cyctetryptomycin A.

The revised structure gave much improved crmsd(8,5c)=
1Loippm. Yet, additional fitting of the Boltzmann popula-
tions (the conformer ratio) of the two main conformers to
better match the experimental data, gave f-
crmsd(8,5c)=1.35ppm. We are now confident that the struc-
ture of cyctetryptomycin A should be revised to reflect the
C22-C18' connection as shown in Figure 12.

Cyctetryptomycins A and B both have chemical formula
C,4sH;36Ns0,, i.e. these are large molecules with MW=740
and yet, computational time was under 1.5 hours for the
structure optimization and calculations of chemical shifts.
Computations of Fermi contacts for accurate ‘H-'H and *H-
3C nuclear spin-spin coupling constants added additional
30-35min per conformer. These practical times allowed for

fast and confident validation of the structure of cyctetryp-
tomycin B and revision of the structure cyctetryptomycin
A.

CONCLUSIONS

DUSBML offers an exceptional cost-benefit balance,
providing a quick and practical tool for solution structure
elucidation. In this paper we demonstrated its effective-
ness in structure revisions of 35 misassigned alkaloids and
validation of many other correctly assigned structures.
Our approach is not quite ready for human-free workflow
of structure elucidation. The easy task, i.e. the detection
and recognition of misassignments, could plausibly be hu-
man-free soon, although the lack of reliable fully auto-
mated programs for generation of conformers in complex
cyclic systems - i.e. not for the freely rotatable bonds - re-
mains challenging. Much more difficult task is finding the
correct revision (or assignment of the correct structure in
the first place). Here, CASE programs could offer help, by
generating a subset of structures adhering to the con-
straints derived from the MS data and advanced NMR ex-
periments, and further ranking them based on fast neural
network algorithms designed to roughly evaluate chemical
shifts.

"The last mile" in this journey currently belongs to DFT
methods for the final judgment about differentiating and
ranking the candidates, especially in the difficult situations
of nearly-indistinguishable diastereomers. That is where
the accuracy of calculations is of critical importance. ML-
augmented DFT approaches are seemingly gaining mo-
mentum as a pragmatic compromise between, on the one
hand, rigorous-yet-slow quantum chemistry methods and,
on the other hand - the black box of NN/ML, most of the
time correct, but no one could tell when (and why) errone-
ous. Obviously, DUSML is our current goldilocks zone, and
a large body of evidence presented in this paper hopefully
supports our optimism.
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