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ABSTRACT: DP4+ is one of the most popular methods for the
structure elucidation of natural products using NMR calculations.
While the method is simple and easy to implement, it requires a
series of procedures that can be tedious, coupled with the fact that
its computational demand can be high in certain cases. In this work,
we made a substantial improvement to these limitations. First, we
deeply explored the effect of molecular mechanics architecture on
the DP4+ formalism (MM-DP4+). In addition, a Python applet
(DP4+App) was developed to automate the entire process,
requiring only the Gaussian NMR output files and a spreadsheet
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containing the experimental NMR data and labels. The script is designed to use the statistical parameters from the original 24 levels
of theory (employing B3LYP/6-31G* geometries) and the new 36 levels explored in this work (over MMFF geometries).
Furthermore, it enables the development of customizable methods using any desired level of theory, allowing for a free choice of test

molecules.

he search for new bioactive compounds remains one of

the leading interests for chemistry research, with
molecular structure characterization being a key step. Natural
products have long been recognized as a valuable source of
new chemotherapeutic agents. However, the structural
complexity of many natural products poses challenges for
chemists in accurately assigning their structures. The intricate
nature of natural product structures, often containing multiple
stereocenters, fused ring systems, and diverse functional
groups, makes their elucidation a complex task. Hence, even
with the advancements in analytical techniques (including
NMR spectroscopy), there might be ambiguities and
uncertainties in the structure determination process that
could lead to structural misassignments.' > While total
synthesis has played a crucial role in rectifying misassigned
structures, it is important to acknowledge that synthesizing all
possible stereoisomers becomes impractical and time-consum-
ing, especially as the number of stereogenic centers increases.
The continuous evolution of related theories and technologies
has turned quantum chemical calculation methods into a
standard to guide the structure identification of new complex
natural and synthetic compounds.® These methods are mostly
based on the simulation of NMR parameters coupled with
sophisticated techniques for data treatment.”™ One of the
leading approaches involves the calculation of the probability
associated with each structure from a set of two or more
candidates. Inspired in Bayes’s theory, different statistical-
based methods have been developed, including DP4,’ ]—DP4,10
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ML-J-DP4,"' DP4+,"” DiCE,"* and MESSL'* In addition, they
were widely explored to determine the structure of both rigid
cyclic compounds and conformationally flexible acyclic
compounds, with variable levels of confidence. Among them,
DP4+ stands out for its exceptional predictive capability across
a broad range of molecules.'

In the original formulation DP4+ was parametrized for 24
levels of theory, though considering the balance between
performance and computational cost the PCM/mPW1PW91/
6-31+G**//B3LYP/6-31G* level was recommended for
broad applications.'® However, it was observed that research
groups often choose other levels for different reasons.'
Correlating experimental and calculated values with improperly
parametrized levels could potentially have a negative impact on
the quality of the results. It is crucial to ensure that the chosen
levels of theory and associated parameters are properly
validated to accurately represent the molecular systems under
investigation. To address these situations, a customizable
DP4+ method was developed,'” which allows preliminary
calculations at any desired level of theory using a small set of
training molecules. Despite this development enabling the
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implementation of as many levels as imaginable, the limitation
lies in the uncertainty of the new method’s predictive capacity,
unless the levels have been thoroughly validated. Different
factors are linked with the accuracy of the prediction, such as
molecular geometry quality; level of theory in NMR
calculations, including DFT functional, basis set, or solvation
model; and mathematical formalism of probability calculations.
In this regard, it is desirable to find the optimal combination of
elements that maximize predictive capacity while minimizing
computational costs.

The main source of computational cost is related to the
geometry optimization step (vide infra) of all possible
conformations at the QM level. Although there are new tools
aimed at mitigating the cost of geometry optimizations, either
by narrowing the conformational space with ] coupling
analysis'® or by enhancing conformational analysis through
CONFPASS or CREST, we opted to investigate the DP4+
formalism starting with MM geometries.'”"” This decision was
taken to enable a more straightforward assessment of the
impact of the geometry on the DP4+ outcome, as it has been
shown that DFT-optimized geometries tend to exhibit overall
superiority.'> However, we considered that this limitation
could be compensated by the proper choice of the level of
theory for the GIAO NMR calculation step. Another time-
consuming stage is related to data processing and file
management. Taking this into account, we decided to
concurrently develop software capable of automating the
DP4+ calculation process and its parametrization.

B RESULTS AND DISCUSSION

The influence of the main stages required for DP4+
calculations at the recommended level of theory (PCM/
mPWI1PW91/6-31+G**//B3LYP/6-31G*) in the overall
computational cost is illustrated in Figure 1. On average,
around 75% of the CPU time is associated with the geometry
optimization step, whereas the single-point NMR calculation
requires the remaining 25%. However, since the computational
cost scales exponentially with the system size, running DFT
optimizations might be overwhelming for highly flexible and
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Figure 1. Average time dependence between the quantum
calculations (optimization and NMR) and the molecular weight
calculated for each conformer of the MM-DP4+ test set (compounds
1—72, see the Supporting Information).

large molecules for which a large number of conformations
should be expected.

Although the use of DFT-optimized geometries is a key
factor accounting for the improved performance of DP4+ over
DP4, there are other variables that could be adjusted to
maximize the predictive capacity of DP4+ when employing
molecular mechanics geometries, hence avoiding the most
time-consuming step. In this regard, understanding the effects
of the quality of the molecular geometry, the level of theory
used in the NMR calculation, and the mathematical formalism
on the confidence of Bayesian methods is crucial for improving
the accuracy of structure assignments. Our analysis was
focused on assessing how each factor could influence the
ability to discriminate between diastereomers, aiming to find
an optimal balance between computational cost and predictive
capacity in the DP4+ structure elucidation process.

Quality of the Molecular Geometry Analysis. Although
less refined geometries could be detrimental to the quality of
the prediction of the calculated chemical shifts, it is important
to recognize that the Bayesian methods are relative in nature,
as for a good assignment it is only required that the correct
isomer has a better fit with the experimental data than the
other candidates. The use of the DP4+ formalism (including
both scaled and unscaled data, see below) could compensate
for this limitation by providing more spectroscopic informa-
tion. In this regard, it is important to mention that the DP4+
scheme has never been thoroughly explored in geometries
optimized at the molecular mechanics level.

The DP4+ probability is built with a set of 16 statistical
parameters [, 6, V] that describe the distribution of errors (e)
between calculated and experimental chemical shifts (§) for 'H
and "°C nuclei, respectively (e = 8. — 8y)- Those [y, 6, 1]
values, in turn, show a strong dependence on the level of
theory used in the calculation procedure. We have recently
shown that incorporating improper values (ie., correlating
calculated values at one theoretical level with statistical
parameters from a different level) can exert a profound
influence on the outcomes, potentially leading to a complete
shift in the assignment’s interpretation.17 Therefore, when
exploring a new level of theory, it is crucial to determine its
associated statistical parameters through the utilization of a
well-defined set of molecules during the training stage.
Subsequently, the performance of the approach can be assessed
by applying it to a complex set of diastereoisomers during the
validation stage. The complete workflow is outlined in Figure
2.

For DP4+ at the molecular mechanics level (MM-DP4+),
the parameters were obtained by modeling the same training
set of 72 molecules (1-72 in the Supporting Information)
used in the original work and calculating the isotropic shielding
constant at the PCM/mPWI1PW91/6-31+G** level over
geometries obtained directly from the conformational search
at MMFF without further optimization at the DFT level. After
the NMR calculations, 1219 and 1123 individual errors for 1*C
and 'H were obtained, respectively, for both scaled and
unscaled data. Once the randomness and independence of the
errors were verified, the statistical adjustment was carried out
to determine the parameters [y, o, v] that describe each t
probability distribution.

To assess the performance of MM-DP4+, it was tested in 84
real cases of configurational assignment that had been
previously determined correctly by DP4+.'” Analyzing the
performance of both methods on the studied systems, a
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Figure 2. Process of training and validation of MM-DP4+ at a new level. NMR processing: involves the correlation of the experimental NMR data
with the calculated unscaled (uns) and scaled (sca) chemical shifts. Training: using a large set of known molecules, the errors (differences between
experimental and calculated data) are computed and classified depending on the calculated source (unscaled or scaled) and the hybridization of the
atom (sp® or sp*). The corresponding histograms of each series are fitted to t-Student’s distributions to estimate the [y, o, V] statistical parameters.
Validation: the [y, o, v] parameters are used to build new DP4+ probabilities, whose performance is evaluated in a complex set of

diastereoisomers.

decrease of 17% in predictive accuracy (ability to assign the
right isomer as the most likely candidate) was observed when
MM geometries were utilized instead of DFT geometries for
the calculations (Figure 3). This result highlights the
importance of the geometry optimization step in DP4+.
Nonetheless, the fact that 83% of the cases were correctly
assigned at a remarkably reduced computational cost paved the
way for further exploration into new levels of theory for the
NMR calculation step.

Level of Theory in the NMR Calculation. DP4+ was
trained and evaluated at 24 levels of theory for the NMR
calculation combining two functionals (B3LYP and
mPWI1PWO91) and six basis sets (6-31G*, 6-31G**, 6-
31+G**, 6-311G*, 6-311G**, and 6-311+G**) and using
two solvation modes: gas phase or PCM. The method’s
performance demonstrates a dependence on the level of
theory, with PCM/mPW1PW91/6-31+G**//B3LYP/6-31G*
showing greater accuracy.

There are antecedents where some change in components of
the theory level impact positively the predictive capacity of the
Bayesian tools. For instance, in the second version of DP4
(DP4.2),” a better performance than the original method was
found by employing the level mPW1PW91/6-311G* for the
GIAO NMR calculation combined with energies obtained at
M06-2X/6-31G**. Another important change in performance
was observed in polyhydroxylated compounds with a biased
description of the conformational landscape caused by
intramolecular hydrogen bonding interactions. The use of
levels with SMD solvation mode for the energy calculation led
to improved Boltzmann descriptions increasing the predictive
capacity of DP4+.>' %

Due to the fact that geometry quality affects the NMR
calculation, it is necessary to establish the most suitable level
when MM geometries are used. Therefore, 35 additional levels
of theory for the NMR calculation step (over MM geometries)
were studied, combining four functionals (B3LYP,

mPWI1PW91, M06-2X, and @wB97XD), three basis sets (6-
31G**, 6-31+G**, and 6-311+G**) and calculations in the
gas phase or by using two solvation modes PCM (Polarizable
Continuum Model)**** and SMD (Solvation Model Based on
Density)*® both in chloroform.

For the training step, the set of 72 molecules was calculated
for each level under study, obtaining the corresponding error
sets which were statistically adjusted to the ¢-Student
distributions. Once the six sets of parameters ([, o, V] for
scaled and unscaled 'H and 3C) were determined, each
trained level was tested in a set of 34 examples (Supporting
Information), and the selection was made considering a
representative group of molecules with similar performance as
the complete set analyzed at the PCM/mPWI1PW91/6-
31+G**//MMEF level.

The performance of MM-DP4+ at the different levels was
measured by two metrics: percentage of success (examples
correctly assigned) and by scoring with a punctuation system.
The results are summarized in Figure 4. For a better analysis,
they are ordered according to their performance, taking into
account the percentage of correct assignments and the total
score obtained.

After analyzing the comprehensive ranking, several impor-
tant observations can be drawn. The majority of levels
designed for gas-phase calculations (GAS) were positioned
lower in the ranking. This outcome is justified by the
inaccuracies that arise due to the absence of solvent, leading
to the neglect of crucial stabilizing influences from the
surrounding medium. Therefore, it is advisible to refrain
from utilizing gas-phase NMR calculations for correlation
methods. Conversely, the incorporation of semiempirical
solvation models like PCM and SMD showcased enhanced
performance, although no model displayed significant superi-
ority over the other. Instead, their effectiveness was contingent
upon the specific combination of the employed functional and
basis set.
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Figure 3. (a) Complete validation set of compounds. (b) Results of DP4+ and MM-DP4+ for compounds 73—121 in descending order of
probability. The color gradient indicates the success of each method, with green denoting a highly probable and accurate assignment (>97%), while
red indicates an incorrect assignment (<50%). (c) Schematic representation of the average time demand of DP4+ and MM-DP4+ calculations at

the PCM/mPW1PW91/6-31+G** level.

Regarding the basis set, an increase in precision would be
expected with the complexity of the basis functions employed.
Therefore, the anticipated trend would suggest that triple-{
sets (C) should outperform polarized double-{ sets (B), and in
turn, the latter should outperform nonpolarized double-{ sets
(A). However, this theoretical prediction did not align with the
observed results. No significant trend was observed in the
performance of the method among the tested bases. Instead,
the outcome depended on the accompanying functional in
each case. Additionally, it is worth highlighting that the most
suitable base (6-31+G**) coincides with the one demon-
strated for DP4+, which can be considered a suitable basis set
for this kind of formalism.

Finally, the performance of the new functional @B97XD
(WB9) stands out, which was located in the five first positions
of the ranking. In addition to the previous work by the

Kutatelazde group,”” where it is employed in the assignment of
halogenated compounds, it proves to be an excellent choice for
NMR calculations. It was followed by the well-established
functionals mPW1PW91 and B3LYP, those used in DP4+ and
DP4, respectively. In agreement with other reports,28 the worst
performance was assessed to M06-2X, indicating a low capacity
for the estimation of magnetic properties despite being
recognized for improving energy calculations.

The two levels with the best score were WB9_B_SMD and
WB9_C_PCM, both with hit percentages close to 90% and a
slightly higher score for the first. To select the best level, a
good balance between predictive capacity and computational
cost must be taken into account. That is why, having similar
results, WB9 B _SMD is preferred for having a better
assignment efficiency and the less demanding base function,
which includes polarized and diffuse functions, together with a
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Performance dependence of DP4+ with the theory level

100%  MM-DP4+ — 100
Recommended level NMR level recommended % Correct asignation —Scores
90% ~ for DP4+ original 90
'DP4 original level
80% 80
‘\N—\H
70% _\\/_\ 70
60% 60
50% 50
30% ofs s = & &6 o o6 s 2 s s o|s|s g s 2 g ¢ s s ] ] =) 30
2 2 2 2 s 2 2 2 2|2 ¢ 2 2
2|8 8 8 3 2 2 32 %8 3 &8 & 2|88 5 8 5% 3 95 ¢ £ 5 R B G GG §I5 5 5 5
R I B N R R e - B B R I Bl I I T
ol @ o o o o o 4 o e - - S P T LT SRS SN (0 T S SR S
IR EEEEEEEENIIEEEEEEE NN EEEEEILIEE NN

Figure 4. Performance of the MM-DP4+ probability calculated in a reduced set of 34 molecules at the 36 theory levels under study. It was analyzed
by two metrics: % of molecules correctly assigned and by a scoring system (3 points if P > 95%, 1 point if S0% < P < 95%, and 0 if the compound is
incorrectly assigned). The levels are codified by functional: B3L (B3LYP), MPW (mPW1PW91), M06 (M06-2X), and WB9 (wB97XD), basis sets:
A, 6-31G**; B, 6-31+G**; and C, 6-311+G**, and media: GAS, PCM, and SMD.

Table 1. Mathematical Formalism for the Probability Calculation”

DP4 Original Formalism

P(i) =

ScTMS or ScMSTD

I, [t — T(lel /)™

2T, [ = el /o)™

where STD could be TMS or MSTD used as reference standard
DP4+ Formalism

P(i) =

ScTMS+Uns or ScMSTD+Uns

s, [0 = T2l /o) T™1L = T (el s = 1/ 0)]

N i STD i
Z;nzl Hk:l [1 - Tsy(le's,kl/o;)] [1 - T:-spx(le;,k —H

/0]

-spx

where STD could be TMS or MSTD used as reference standard

New Proposed Formalisms

ScTMS+ScMSTD P(i)

ScTMS+ScMSTD+Uns P(i)

T, 11— TX(el 1/ a) ™1 — T(lel /) 1S

T XTI 1 - T /)P — Tl /)
j=111k=1 ) )

HkN=1 [1 = TX(le, (/)™ 1 — TX(Ie /o)™

(1= To_gu(lel e = # /O]

[1 - T:—spx(le;,k —H

T XTI 1 T /) - T )T

1/6, 4]

-spx

“Sc: scaled, Uns: unscaled, TMS: tetramethylsilane, MSTD: multistandard approach.

better solvation mode. As a result, the level SMD/wB97XD/6-
31+G**//MMFF is recommended for the use of MM-DP4+.
The Mathematical Formalism of DP4-like Methods.
Previous works have demonstrated that the excellent levels of
correct classification achieved by DP4+ were interpreted based
on constructive offsets for the errors when using both scaled
and unscaled 'H and "C shifts, demonstrating the advantage
of incorporating unscaled data into its mathematical formal-
m.'“”’ Hence, in order to bolster confidence in the
assignment, it was determined that all types of data should
be incorporated into the probability calculation procedure.
When unscaled data was introduced, the improvement in the
method’s performance could be attributed to the usefulness of
preserving potential systematic errors for the configurational
differentiation of the compounds under analysis. However,
there is a factor that has not been analyzed yet, related to
enhancing the quality of the linear regression employed in the
scaled 6 calculation. The use of TMS as the reference standard
for both sp> and sp® nuclei resulted in errors dependent on

hybridization that could lead to nonideal linear regressions.
Therefore, it was proposed to explore a potential enhancement
of the sDP4+ term by using higher-quality &, values obtained
through the multistandard approach. This method employs
different reference compounds depending on the hybridization
of the nucleus under analysis (MeOH for sp® and benzene for
sp?).”>*! Hence, it was proposed to analyze new mathematical
formulations to explore which is the most appropriate to carry
out a DP4-like analysis. Including calculation of the chemical
shifts by the multistandard approach, we proposed using three
types of data in the mathematical formalism: & scaled using
TMS as reference standard, 6 scaled using the MSTD
approach, and unscaled ¢ with TMS.

The formulations were analyzed at the original DP4 level
(B3L_A_GAS) and at the optimal level for MM geometries
previously establish (WB9 B _SMD). Using the complete
validation set, the predictive capacity of the probability tools
was analyzed using each of the formulations: ScTMS, ScMSTD,
ScTMS+Uns, ScMSTD+Uns, ScTMS+ScMSTD, and ScTMS
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+ScMSTD+Uns. Each mathematical formalism is detailed in
Table 1.

Using the complete validation set (73—121), the predictive
capacity of the six formulations was tested. Results for both
levels, represented by the percentages of examples correctly
assigned, are summarized in Figure 5.
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Figure S. Percentages of examples correctly assigned by the six
formulations using the original DP4 level of theory (B3L_A_GAS)
and the recommended level for the new method MM-DP4+
(WB9_B_SMD).

The least accurate results (69.0% of examples correctly
assigned) were obtained by using B3L_A_GAS with ScTMS
data (level and formulation corresponding to the DP4 original
method) and by mixing only scaled data (ScTMS+ScMSTD).
For both levels of theory, the exclusive use of scaled MSTD
data performs better than TMS scaled. However, the results
significantly improve by adding unscaled data, such as the
DP4+ method (ScTMS+Uns), reaching an assignation of
90.5% for WB9 B SMD. Moreover, there is no formulation
with an outstanding result because ScTMS+Uns, ScMSTD
+Uns, and ScTMS+ScMSTD+Uns have the same outcome.
The inclusion of unscaled data does not significantly impact
the structural identification when using the multistandard
approach. This observation could entail that the most
discriminant parameter for the performance improvement
was the unscaled probability. Hence, ScTMS+Uns was
considered the better and simpler mathematical formalism
because it requires only TMS calculations.

DP4+ Calculation Automation. The publication of tools
featuring intuitive interfaces has greatly facilitated the adoption
of in silico methodologies for structure elucidation purposes.

Since the first DP4 applet, other informatics tools for structure
elucidation have been published, each with varying degrees of
ease and challenges in their utilization.""">'**"**=>* Among
them, DP4+ stands out not only for its exceptional
performance but also for its widespread popularity owing to
its seamless user experience. The isotropic shielding constants
and the experimental chemical shifts can be effortlessly loaded
into an Excel spreadsheet, thereby streamlining the entire
process. While these tools are undeniably innovative and user-
friendly, it is worth noting that certain user operations are still
required.

To simplify this task further, the use of advanced
programming software for automation is an ever-growing
field. As a result, a Python package named DP4+App has been
developed to facilitate the implementation of DP4+-like
calculations. This applet is launched under an open-source
MIT license, enabling users to calculate the DP4+ probability
at the original 24 levels and MM-DP4+ at the new 36 levels
and even customize the method if desired. By using Gaussian
output files and spreadsheet integration with experimental data
and labels, this software enables users to obtain probabilities
directly. This update offers the advantage of liberating users
from the extraction and conditioning of NMR calculation
results, saving processing time, eliminating transcription errors,
and providing faster and more reliable results.

DP4+App arises as a new tool that combines the power of a
graphical user interface (GUI) with its executable applet
structure (Figure 6). Comprised of two modules, it offers a
comprehensive set of functionalities for seamless DP4+-like
correlation calculations. The main module enables DP4+,
MM-DP4+, and Custom-DP4+ probability calculations with
precision and reliability. Conversely, the second module is
designed for training customized theory levels, thereby
enhancing the software’s flexibility and adaptability.

Furthermore, to improve the user experience and ensure
accurate interpretation of results, DP4+App incorporates
additional chemical and computational criteria. These criteria
serve as warning signs, alerting users about anomalous values,
misidentified experimental data, and mismatched theory levels.
By flagging potential misuse and errors, these incorporated
features assist users in effectively analyzing their outputs and
maintaining the integrity of their research.

Results are presented in a comprehensive spreadsheet
format. In addition to providing probabilities of the isomers,
the spreadsheet offers complete traceability of the process,
including essential information such as shielding constants (o),
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chemical shifts (5), and errors (e) associated with each
candidate. Both scaled and unscaled versions of the chemical
shifts and errors are included, ensuring a thorough under-
standing of the data and facilitating further analysis and
comparison.

To obtain further information regarding the functionality of
the DP4+App, it is advisible to refer to the User Guide.

General Recommendations. As the capabilities of
powerful tools expand, users are empowered to undertake
larger and more complex calculations. However, it is essential
to recognize that enhanced capabilities also bring a
corresponding need for diligent and responsible usage. While
DP4+App has caution filters in place, it remains important to
consider general recommendations when conducting a DP4+-
like analysis. These recommendations serve as guiding
principles to ensure the accuracy and reliability of results.

(a) Preserving the resources: It is important to take into
account factors such as the number of isomer candidates,
the conformational landscape, and computational
resources to get accurate results within a reasonable
time frame. When dealing with flexible molecules, a
thorough conformational sampling ought to be done
using a safe energy cutoff (S kcal/mol). Keeping the
candidates set to a minimum offers several advantages; it
reduces both the overall computational cost and the risk
of calculated data for an incorrect isomer yielding a
better fit than the correct candidate.

(b) Choosing the most suitable method: For small sets with
limited conformational flexibility, it is recommended to
invest in highly accurate DP4+ calculations (PCM/
mPWI1PW91/6-31+G**//B3LYP/6-31G*). However,
for a large number of candidates or a complex
conformational space, starting with screening options
using MM-DP4+ at SMD/wB97XD/6-31+G**//
MMFF could be advantageous. The most reliable
correlation results are obtained using DP4+, so analysis
should be concluded with this calculation using the top
candidates identified during screening. It is also
important to note that highly flexible polyhydroxy
compounds are better tackled with specialized software
like MESSL."*

(c) Choosing theory levels: The App admits the use of 60
validated levels of theory. Whenever possible, it is
recommended to use NMR theory levels PCM/
mPWI1PW91/6-31+G** for DP4+ and SMD/
wB97XD/6-31+G** for MM-DP4+ because they have
demonstrated better performance. However, if the
desired theory level is not parametrized, the app allows
generating a new level by following the instructions
provided in the Custom-DP4+ method. The choice of
appropriate level of theory is crucial because Bayesian
methods construct the candidate probability by multi-
plying the individual probabilities associated with each
individual error. The individual probabilities are t¢-
distribution dependent, and which parameters describe
it [, 6, v] depend on the level of theory. The use of
improper distribution might impact the DP4+ values
leading to potentially wrong assignments.

(d) Training method: If a customizable method is chosen it is
important to consider that the sample size affects the
accuracy and reliability of estimations. With a larger
sample size, uncertainty is reduced, and more precise

estimates of the parameters of the Student’s t-
distribution [p, o, v] are obtained. The values of
probabilities do not strongly depend on freedom degrees
(v), but if a reduced number of compounds are used the
recommendation is to use a mean value as was
previously described."”

(e) Checking all conformations: When DFT geometries are
used for the NMR shift calculations, it is crucial to
ensure that all conformations are optimized at the
desired level and remove any duplicates. It is a suitable
habit to perform a frequency analysis on the most stable
structures to verify the nature of the stationary points
obtained.

(f) Validation of the results: It is always recommended to
validate the results with the experimental NMR
information available (such as homo- and heteronuclear
coupling values and/or interatomic distances obtained
through NOE/ROE experiments).

Bl CONCLUSION

The main limitation of the use of DP4+ in optimal conditions
is the high computational cost, associated with performing
geometry optimizations at quantum levels. Thirty-six new
levels were trained for the calculation of DP4+ over MM
geometries. To know their performance, these levels were
validated in real cases of configurational assignments,
determining that the best level to perform MM-DP4+ analysis
is SMD/wB97XD/6-31+G**//MMFF, with 90.5% of accu-
racy and an average CPU time savings of 70%.

We studied the influence on the predictive capacity of each
of the factors involved in the process of DP4+ probability
calculation, to better understand the uncertainty when the
customizable method is used. The suggestions are M062X is
the worst functional to perform NMR shift calculations and
@B97XD exhibits the best performance. The basis set does not
show clear tendencies, but it is important to point out that no
accuracy is gained with a triple-{ basis, and its computational
cost does not justify its use. With respect to the media, we
recommend the use of PCM or SMD as solvation modes.

To reduce the analysis time necessary for a DP4+
assignment, an interactive and easy-to-use App was developed.
It allows automation of the entire calculation process, requiring
only the outputs of the NMR Gaussian calculation and a
spreadsheet containing the experimental data and labels.
DP4+App performs probability calculations over B3LYP/6-
31G* geometries in combination with 24 NMR levels and 36
levels of NMR for MMFF geometries. In these 60 cases, the
certainty of the method has been tested. If another level is
desired, the App enables the calculations of the customizable
method.

The DP4+App code was launched by MIT license, and its
installer is available at https://github.com/Sarotti-Lab/
DP4plus-App (including instructions and tutorials) and from
the Python Package Index (https://pypi.org/project/dp4plus-
app/).
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