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1 Utilising DP5

DP5 can be downloaded from https://github.com/Goodman-lab/

DP5 has been developed for fully automated structure elucidation. DP5 can be easily run standalone
utilising the command line interface, or integrated into a users workflow using the source code. A single
command is required to run DP5 for a compound or multiple compounds. This command indicates the
calculations the user wishes to perform (i.e DFT geometry optimisation, higher level DFT single point
energy calculations and NMR calculations) and the desired computational conditions (default conditions
will be used if none are provided). Once this command has been entered, DP5 will manage all of the
required calculations to yield probability values with no further intervention from the user being required.

DP5 maybe run locally on a Desktop PC and also provides support for utilising external clusters.

DP5 can also be run through the more familiar GUI interface, Figures 1 -4. The GUI allows the user
to explore many features of a DP5 calculation, such as, the number of conformers found during the
conformational search, their energies and the DP5 probabilities assigned to each test structure. In addition,
the individual atom prediction error probabilities can be visualised, this may help users understand why a
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Figure 1: The DP5 GUI can utilised to set up and run DP5 calculations

particular DP5 probability has been calculated and suggest potential regions of the structure that are
likely to be correct and incorrect.

Our automatic NMR processing software, NMR-AI has also been integrated into DP5, as a result, DP5
probabilities can be calculated from raw NMR data. By utilising the GUI, users can also explore the NMR
assignments made by NMR-AI and thus further understand how a DP5 probability has been calculated.
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Figure 2: The DP5 GUI can utilised to investigate conformer energy distributions for each proposed structure

Figure 3: The DP5 GUI can utilised to investigate DP4 statistics for each proposed structure
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Figure 4: The DP5 GUI can utilised to investigate DP5 statistics for each proposed structure and also interactively displays atomic
probabilities overlaid onto the proposed molecular structure

2 Program Description

Figure 5. displays a roadmap of the DP5 probability calculation. The basic premiss of the calculation
is as follows. For each atom in the candidate structure a chemical shift is calculated using DFT. By
subtracting this value from the experimentally observed shift, a prediction error can be calculated for that
atom. Each atom is treated as a random variable that can take one of two states, correct or incorrect.
Using a statistical model, the probability of observing a prediction error of this size can be found. This
probability is equated to the probability of the atom in the candidate structure being incorrect. The
atomic probabilities are then combined to yield an overall molecular probability. The DP5 probability
is then calculated from this value using a Bayesian correction function. Each step in this calculation is
described in more detail in the following sections.

2.1 NMR Shift calculation

DP5 calculates NMR shifts for the atoms in the candidate structure utilising the highly optimised and well
established method developed in previous works.1–4 First the a molecular mechanics search is performed
to obtain a representative set of conformer geometries, all conformational searches are performed in the
gas phase utilising the MMFF force field and a mixture of Low Mode following and Monte Carlo search
algorithms. The step count for MacroModel5 is set so that all low energy conformers were found at least
5 times.

The conformer geometries are then optimised at the DFT level of theory (B3LYP/6-311g(d)).6,7 DP5
includes quantum mechanical calculation support for both the commercial program Gaussian8 and the
free software Tinker.9

For each conformer a single point energy calculation is completed (M062x/def2-TZVP)10–12 and NMR
shielding constants are found using the GIAO method.13 The functional mPW1PW9114 and 6-311G(d)
basis set was chosen for NMR shift prediction as this has been shown to be optimal for DP4 calculations.

All calculations are managed by the DP5 Python script written in Python 3.7. DP5 is available from
https://github.com/orgs/Goodman-lab/
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Figure 5: Schematic diagram of how a DP5 probability is calculated by the DP5 program. Each stage of this calculation is described
in the text below.

2.2 Bespoke Atomic Prediction Error Probability Function Generation

The backbone of the DP5 probability calculation is generating and integrating a bespoke DFT-NMR
prediction error probability function for each atom in every conformer of the candidate structure.

It is well known that the expected magnitude and variance of DFT prediction errors for different functionals
show strong complex, nonlinear dependencies on atomic environment.4,15 A number of different statistical
models have been explored in previous works to help alleviate this issue such as, multi-gaussian, multi-
region and kernel density estimation (KDE) models.4 However, these models all display the same type of
issue. The underlying assumption here is that the probability of a prediction error of a specific magnitude
being observed in an external dataset is equal to the probability of observing the same prediction error
within a given structure, this is not always the case. For example, some atomic environments may be
expected to produce large prediction errors, these types of environments are typically underrepresented in
the datasets used to develop the prediction error statistical models, as a result the corresponding prediction
error probabilities will be close to zero. This is not a particular problem for a DP4 calculation, due to
its comparative nature, these same systematic errors are likely to be present in all the structures being
compared and tend to cancel out. However, this is a significant problem when developing a standalone
probability for a single candidate structure. To solve this issue, DP5 produces a bespoke prediction error
probability distribution for every atomic environment in every conformer of the candidate structure. This
probability distribution takes into account the molecular geometry around each atom and the surrounding
atom types by utilising the FCHL representation.16

The bespoke prediction error probability distribution for a given atom in a given conformer of the candidate
structure is found as follows. The FCHL representation for the atom is calculated (this calculation is
performed utilising the python package qml). This calculation has similarly been performed for 63542
carbon atoms present in a dataset of 5140 molecules from NMRShiftDB.17,18 The l2 distance between
this representation and all those in the dataset are then calculated (also performed using qml). These
distances are then mapped onto a similarity value using a gaussian kernel, equation 1. This yields a
similarity between the test atomic environment and those in the dataset. A kernel density estimation
is then performed on the prediction errors from the atoms 63542 in the external dataset, with each
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Similarityij = exp(−||Ai −Aj ||
2
2

2σ2
) (1)

equation for the similarity between two atomic environments utilising a gaussian kernel, where ||Ai−Aj ||2 describes the l2 distance

between the FCHL16 representation for atomic environment i and atomic environment j and σ is an optimised parameter (see
section 2.4)

point weighted by the corresponding atomic environments similarity to the test atoms environment.
Using this methodology a bespoke prediction error distribution is produced for the test atom taking into
account the chemical environment the atom is in. Systems were also tested with weights multiplied by the
corresponding regression coefficients (see section 4) found by solving KRR models for DFT NMR error
prediction.

In order to simplify the integration process the external error dataset is made symmetrical around 0, this
is achieved by taking the absolute value of each error in the dataset followed by concatenating these values
and the same values multiplied by -1 into the same dataset (with twice the size) the previously calculated
weights are used for both the positive and negative error values.

2.3 Atomic Representation Generation

The FCHL representation16 was chosen due to the similarity between this calculation and kernel ridge
regression (KRR). The FCHL representation of atomic environments have been used very successfully in
KRR models to predict chemical shifts.19 Similar KRR models were also constructed and evaluated in
this study, see section 4. This illustrates that the FCHL representation effectively encodes the information
required to define the properties of an atomic environment and that this encoding can be used to calculate
the similarity between different atomic environments. As this is exactly the property required for this work
and due to the ease of use, the FCHL representation was implemented in the DP5 calculation. A number
of other representations were tested in this work including coulomb matrices and Morgan fingerprints of
circular fragments around each atom, however, FCHL was found to be the best performing representation.
It may be possible to improve the performance of DP5 by testing more atomic representations and
potentially by generating a bespoke representation for this task.

In order to calculate the covariance of two FCHL representations, they must have the same vector length.
This places an upper limit on the number of atoms in a molecule that the model can compare. In this
study this value is set to 83, the maximum number of atoms in the NMRShiftDB dataset. For any
molecules with more than 83 atoms DP5 produces molecular fragments with radius 3 around each atom in
the molecule, these fragments must have fewer than 53 atoms (assuming a maximum valence of four) and
a separate model based on representations of this size is used instead. No significant loss in accuracy was
seen when using this fragmentation method for KRR NMR shift prediction tasks, demonstrating this is a
reasonable approximation for larger molecules. This is likely to be due to the radial cutoff incorporated
into the FCHL representation.

2.4 Parameter selection in Gaussian Kernel and FCHL representation gen-
eration

In order to generate an FCHL16 representation a radial cutoff value must be defined, in this work this was
set to 4.53Å. This value was found to be the optimum value for kernel ridge regression models for NMR
shifts prediction using the FCHL representation (see section 4). The optimum cutoff value of 4.53Å was
found using bayesian optimisation by training KRR models on a smaller dataset of 500 molecules19 and
using the mean absolution prediction error of the model across the dataset as the loss function. Due to the
similarity between the use of the FCHL representation in these KRR models and in the DP5 calculation,
it was concluded that this cutoff value would be similarly applicable in this context.

The second important parameter in the DP5 calculation is the sigma (σ) value used in the gaussian
kernel (equation 1) during the similarity calculation described in section 2.2. This parameter changes
the distance in chemical space (FCHL representation space) over which two atomic environments will
be described as similar. Similarly to the radial cutoff value, this parameter was also investigated when
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Figure 6: Figure illustrating the changes in frequency of atomic environment similarity with sigma parameter.

building KRR regression models for NMR shift prediction and optimised using bayesian optimisation. Due
to the sensitivity of the DP5 probability calculation to changes in this parameter, the full DP5 system
was later evaluated for multiple sigma values.

Histograms of atomic similarities between the atomic environments in the 5140 NMRShiftDB molecules
were also plotted for multiple values of σ, the results of this study are presented in Figure 7. These
histograms illustrate as the value of σ is decreased the average similarity between atomic environments in
this dataset decreases. If σ is set at a large value, all the atomic environments become very similar to each
other, in this limit the DP5 probability recovers the issue where prediction error probabilities are no longer
dependent on the atomic environment they occur in. Whilst if σ is set too low, all environments will share
no similarity, making it impossible to perform a weighted kernel density estimation as the resulting weights
cannot be normalised. A number σ values were investigated during the main evaluation of the system
as described in Section 3.2. Allowing σ value to vary with atomic environment was also investigated,
this methodology is essentially the same as k-nearest-neighbours, which was also tested separately for
different values of k. Utilising the k nearest neighbours method ensures each atomic environment has the
same number of data-points contributing to its corresponding error kernel density estimation. This is also
discussed in Section 3.2.
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Pi =

∫ errori

−1∗errori

pdfi(x)dx (2)

Pi =

∫ MAE+|MAE−errori|

MAE−|MAE−errori|
pdfi(x)dx (3)

where MAE is the mean absolute error in the external database

Pi =

∫ MAEw+|MAEw−errori|

MAEw−|MAEw−errori|
pdfi(x)dx (4)

where MAEw is the weighted mean absolute error in the external database, the weights used for each datapoint are the similarity
values calculated in section 2.2

2.5 Atomic Prediction Error Probability Function Integration

Once the prediction error probability distribution has been generated for an atom in a conformer of the
candidate structure, this function must then be integrated to produce a prediction error probability for
that atom. Three different sets of integration limits were tested in this work, they are shown in equations.
2,3 and 4. All three integrals represent reasonable definitions of the required probability, this choice was
found to have a relatively large impact on the results of the DP5 calculation.

Initially equation 2 was investigated. Integrating with these limits means that atoms with large prediction
errors will be assigned values close to one, whilst atoms with smaller errors will be assigned smaller
probabilities. This method has the advantage that if by chance the DFT calculated shifts are very accurate
this will be reflected in the atoms probability value. However, this method overlooks the fact that DFT
NMR predictions have inherent error. The MAE for the DFT calculations run on the NMRShiftDB
dataset is 1.57ppm, this implies that observing errors smaller than this value can be just as unlikely as
observing large errors. Moreover, if an atom has a very small associated prediction error, it is perhaps
more probable that the atom is incorrect than it is that the DFT calculation is very accurate by chance.
Equations 3 and 4 take this into account, penalising errors either side of the dataset MAE value equally.

Equation 4 is the only method tested where the integration limits also depend on the atomic environment.
In this approach, in the same way that points in the DFT-NMR prediction error KDE are weighted by
their environments similarity to the test environment, MAEw in equation. 4 is found by performing a
weighted average. This method accounts for the fact that the mean error is also likely to change depending
on the region of the representation space the test atomic environment is in. The differences between these
integration limits are highlighted by Figure 7.

It was found that equations 3 and 4 were more effective than 2. Equation 2 typically assigns lower
probabilities to atoms. This is because most atoms will have errors around the mean of the dataset,
equation 2 will thus typically assign probabilities of 0.5 to these atoms. Equations 3 and 4 treat atoms
differently, atoms with errors closer to the mean of the dataset (or closer to the mean observed in the
corresponding region of chemical space in the case of equation 4) will be assigned probabilities closer to
zero. This has the benefit that atoms with errors in the expected range will be assigned high confidence.
Equation 3 and 4 do however show the disadvantage that if the DFT calculation predicts a shift with
a lower error than expected, this prediction, similarly to one with a larger than expected error, will be
assigned a low confidence. Equation 4 mitigates this issue as much as possible by allowing the mean value
to vary with the region of chemical space the test atomic environment is in, making it much less likely for
this situation to arise, as in environments where the DFT predictions are likely to be most accurate, the
MAEw in the integration limits will be close to zero.
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Figure 7: Figure illustrating effect of changing integration limits on atomic prediction error probabilities
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PDP5 = 1−
i=n∏
i=1

pi (5)

where i is the atom index and n is the total number of carbon atoms in the molecule

PDP5 =

i=n∏
i=1

(1− pi) (6)

where i is the atom index and n is the total number of carbon atoms in the molecule

PDP5 = 1− (

i=n∏
i=1

pi)
1/n (7)

where i is the atom index and n is the total number of carbon atoms in the molecule

PDP5 = (
i=n∏
i=1

1− pi)1/n (8)

where i is the atom index and n is the total number of carbon atoms in the molecule

2.6 Atomic Prediction Error Probabilities from Multiple Conformers

To make the DP5 calculation as accurate as possible, probabilities for each atom are calculated not just for
a single geometry, but for every atom in every conformer of the structure found during the conformational
search. This is necessary as the probability assigned to each atom depends on the exact geometry of the
atomic environment and this will change between conformers.

Once a DFT prediction error probability has been calculated for each atom in each conformer, these
values are combined in a Boltzmann weighting process similar to the NMR shift calculation, to produce
overall probabilities for each atom in the molecule. This Boltzmann weighting process utilises the same
single point energy for each conformer found during the NMR Shift calculation stage (see section 2.1).

2.7 Molecular Probability From Atomic Probabilities

Having found the prediction error probabilities for each atom in the molecule, these must now be combined
in order to produce a probability for the whole structure. This part of the DP5 calculation was explored
extensively, and was found to have a large effect on the final results. A number of different methods for
combining the atomic probabilities were tested, the most relevant of these are displayed in equations 5 to
8.

Equations 5 to 8 all combine the atomic probabilities in mathematically reasonable ways. Consider
each atom as an independent random variable, each atom can have two states, correct and incorrect.
The probability of the atom being in the incorrect is described by the atomic probability pi. If these
probabilities are multiplied together as in equation 5, the resulting value describes the probability of at
least on of the atoms being correct. If the atomic probabilities are combined by equation 6, the resulting
value instead describes the probability that all of the atoms in the structure are correct. In order to decide
upon the most effective formulation of the DP5 probability, the most useful definition of when a structure
should be classed as correct must first be decided upon.

It was found that when combining atomic probabilities by equation 5 the resulting molecular probabilities
were often clustered around zero. This is due to a property of the underlying prediction error distribution,
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these distributions are typically sharply peaked with very wide tails. As a result even in incorrect structures
it is not uncommon to have number of atoms with large prediction errors, in these cases, when combining
probabilities by equation 5 the molecular probability will be forced close to zero by these atoms. Incorrect
structures are often highlighted by a small number of large errors, this leads to equation 6 seeming like a
more useful choice. equation 6 performs much better than equation 5 however it still displays a tendency
to force molecular probabilities to zero. The molecular probability should reflect the real world probability
of a structure being correct rather than acting as a binary classifier of correct and incorrect structures.
To help alleviate this forcing behaviour, equations, 5 and 6 were modified into equations, 7 and 8 by
incorporating a geometric mean. The geometric mean was found to greatly reduce the forcing behaviour
displayed by equations 5 and 6, giving a more balanced estimate of the structure being correct based upon
all of the atoms. Equations including an arithmetic mean and median were also tested, however, these did
not show any greater performance.

2.8 Bayesian Molecular DP5 probability

The final stage in the calculation applies Bayes theorem to the molecular probability to yield the over all
DP5 probability. The purpose of this stage is to ensure the final DP5 probability assigned to a molecular
structure is as close as possible to the real world probability as possible given the data available. In turn,
this ensures that the DP5 probability is both easy to interpret and as useful as possible.

First a probability density function for the molecular probabilities assigned to the 5140 molecules in the
dataset is found using a KDE. Similarly a weighted KDE is performed on the incorrect combinations of
structures and spectra as described in section 3.2. Using these PDF functions the probabilities of the
structure being correct and incorrect given the assigned molecular probability can be calculated. Finally
using the information that a proposed structure must be either correct or incorrect we can define the
Bayesian DP5 probability using equation 9. In the ideal case, this function (defined between zero and
one) would fall exactly on the line y=x, meaning the assigned DP5 probabilities match the real world
probabilities exactly. In order to ensure the final probabilities fall on the y=x line the DP5 probability
calculated for the molecule is then scalded by equation 9.

Bayesian DP5 =
P (correct|DP5)

P (incorrect|DP5) + P (correct|DP5)
(9)

3 Program Evaluation

3.1 External Dataset

3.2 Combinatorial Study

A major challenge in the development of DP5 involved constructing a method to assess the efficacy of
the system. As the DP5 probability is not a tangible physical property that can be measured, it is not
straight forward to compare the DP5 probability assigned to a molecule with an experimental value. In
order to solve this problem, a comprehensive cross validation methodology was developed.

This study was performed utilising the database of 5140 molecules from NMRShiftDB.17,18 The NMR-
ShiftDB ID for each molecule used is given in section 6. For each of these molecules, this database contains,
a DFT optimised geometry, a DFT predicted carbon NMR spectrum and accompanying experimental
NMR spectrum. Structure proposals are simulated by all forming pairs (or combinations) of experimental
spectra and structures (with the same number of carbon atoms) in the dataset. This produces 5140 N
combinations where a structure is paired with the correct experimental spectrum (correct combinations),
and on the order of Ñ2 − N combinations where an incorrect structure has been proposed (incorrect
combinations).

In the first study, DP5 probabilities for all of the correct combinations are calculated. DP5 probabilities
for incorrect combinations are calculated if the maximum error between the experimental spectrum and
the paired DFT prediction spectrum is less than 10 ppm. This simulates correct and incorrect structure
proposals that experienced chemists should be able to distinguish based upon the prediction errors alone.
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It should be noted that the DP5 calculation relies upon the representations of the atomic environments in
the same dataset of molecules. In order to make this study as robust as possible, all DP5 calculations are
performed in a leave-one-out cross validation style where the representations for the atomic environments
from the test structure are removed from the set used by DP5. The distributions of the resulting DP5
probabilities for the correct and incorrect combinations are plotted utilising a kernel density estimation.
All the results of this study are presented in section 5.

If all incorrect combinations with a maximum error less than 10ppm are considered, the mean absolute
error distribution (MAE) for the correct and incorrect combinations are expected to be different. Typically,
the incorrect combinations have larger MAEs than the correct combinations. The DP5 probability would
prove even more effective if it could be used to distinguish between correct and incorrect structure proposals
that belong to the same MAE distribution. In the second stage of this evaluation the methodology is
modified to account for this. The MAE for each incorrect combination is calculated, the probability
of a correct combination having this MAE is found using the corresponding empirical PDF function.
This probability is assigned to the incorrect combination as a weight, all subsequent frequency plots are
performed using weighted kernel density estimations, this process is equivalent to directed sampling of
the incorrect combinations. The effect of weighting the incorrect combinations in this way is the MAE
distribution of the weighted incorrect combinations now approximates (as closely as possible) the MAE
distribution of the correct combinations. As a result when these weights are considered the resulting
plots and statistics simulate the case where both the correct and incorrect combinations belong to the
same MAE distribution. Another effect of this modification is there is no longer an integer number of
incorrect combinations, but rather, the sum of the weights assigned to the incorrect combinations gives an
equivalent expected number of incorrect combinations. The results of this study evaluate the performance
of the DP5 probability in the limit where the correct and incorrect combinations are indistinguishable
by their prediction errors to even an experienced chemist. All the results of this study are presented in
section 5.

This combination style analysis is particularly powerful as negative examples of incorrect structure proposals
could be synthesised from real world data, avoiding more unreliable methods involving generating fake
experimental or calculated spectra.

4 Kernel Ridge Regression

The KRR model for some property y for some system with the vector representation Ã is defined by
equation 10

y(Ã) =
∑
i

αiK(Ã,Ai) (10)

The kernel matrix K is found by equation 11, where Ai is the vector representation of datapoint i

Kij = K(Ai,Aj) = exp(−||Ai −Aj ||22
2σ2

) (11)

The regression coefficients α in equation 10 can then be found through kernel matrix inversion and
multiplication with the corresponding reference values y, equation 12

α = (K + λI−1)y (12)

Where λ is the regularisation constant

Prior to the development of the DP5 probability, kernel ridge regression (KRR) models for NMR shift
prediction were investigated. All KRR calculations have been performed utilising the python package
qml.20

It has been previously shown that KRR models can be trained to reproduce NMR shielding constants
predicted by DFT calculations.19 In this study, this possibility has been pushed further utilising KRR
models to predict experimentally observed NMR shifts for atoms in a molecule.
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KRR models in this work were constructed and evaluated utilising the database of 5140 molecules from
NMRShiftDB. The molecules are first partitioned randomly into a training and test set at a ratio of 1:20.
For each carbon atom in the training set an atomic FCHL representation is then generated. The symmetric
kernel matrix K for the training representations is then found utilising a gaussian kernel by equation 11.
Sigma values σ of 0.5, 0.3, 0.1, 0.075, 0.05 and 0.025 were tested in this study. Once the kernel matrix
has been found, equation 12 can then be solved utilising the experimental shift values corresponding to
the training representations to yield the regression coefficients α. The cross kernel matrix (describing
the covariances of the test and training representations) is similarly found by equation 12. Finally the
experimental shifts for the test set atoms can be found by equation 10. Models were constructed and
evaluated for each of these sigma values in a 20 fold cross validation study, the results are presented in
Figure 8.

In order to utilise equation 11 to calculate the kernel similarity between a training and test representation,
these representations must have the same dimensions. The FCHL representation relies on a matrix where
the first dimension must be greater or equal to the number of atoms being represented. When generating
representations for a dataset of molecules, this dimension is set as the number of atoms in the largest
molecule in the dataset. However, by setting this dimension a hard limit is placed upon the number of
atoms a test molecule can have for atomic property prediction. To mitigate this issue KRR models were
also constructed utilising a fragmentation routine. Atomic representations are generated by first creating
a molecular fragment around the central atom with a specific radius, the atomic FCHL16 representation
of the central atom is then calculated utilising this fragment. Importantly by assuming the maximum
valence of the atoms in the training molecules is 4, the molecular fragments have a maximum size. When
applying the model constructed in this manner, test molecule can be similarly fragmented allowing the
test and training representations to have equal sizes, this allows molecules with any number of atoms
to be evaluated by the model. Models were constructed and evaluated for fragment radii of r = 2,3,4
and sigma values of 0.5, 0.3, 0.1, 0.075, 0.05 and 0.025 in a 20 fold cross validation study, the results are
presented in Figures 9 - 11.

All models were evaluated using a random 20 fold cross validation process.
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Figure 8: Top: Plot of chemical shifts predicted by KRR model against experimentally observed shift. Bottom: Model MAE
against sigma. This model was trained on atomic representations with size equal to number of atoms in the largest molecule in
the database, this model was evaluated at multiple sigma values. These results have been produced using a random 20 fold cross
validation process.
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Figure 9: Top: Plot of chemical shifts predicted by KRR model against experimentally observed shift. Bottom: Model MAE
against sigma. This model was trained on atomic representations generated from circular molecular fragments of radius two around
a central atom. This model was evaluated at multiple sigma values. These results have been produced using a random 20 fold cross
validation process.
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Figure 10: Top: Plot of chemical shifts predicted by KRR model against experimentally observed shift. Bottom: Model MAE
against sigma. This model was trained on atomic representations generated from circular molecular fragments of radius three
around a central atom. This model was evaluated at multiple sigma values. These results have been produced using a random 20
fold cross validation process.
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Figure 11: Top: Plot of chemical shifts predicted by KRR model against experimentally observed shift. Bottom: Model MAE
against sigma. This model was trained on atomic representations generated from circular molecular fragments of radius four
around a central atom. This model was evaluated at multiple sigma values. These results have been produced using a random 20
fold cross validation process.
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5 Results

5.1 Stereochemistry Elucidation Results

DP5 was evaluated against a test set of 42 stereochemistry elucidation problems. This dataset of example
was originally used as benchmark to evaluate DP4-AI. The molecules in this dataset are displayed in
figure 12.

The full DP4 and DP5 results are displayed in figures, 13, 14 and 15

5.2 Combinatorial Study Results

Below are plots of the results from the combinatorial study described in 3.2. Each plot contains four graphs,
top left: the MAE error distribution of the correct combinations (blue) and the incorrect combinations
with maximum errors > 10 ppm (red). Top right: DP5 probability frequency distributions of the correct
combinations (blue) and the incorrect combinations with maximum errors > 10 ppm (red). Bottom left:
the MAE error distribution of the correct combinations (blue) and the MAE error distribution of incorrect
combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: DP5 probability frequency distribution of the correct combinations (blue) and the
DP5 probability frequency distribution of the incorrect combinations when weighted by the corresponding
probabilities from the correct combinations MAE distribution (red).

Plots are included for the most relevant combinations of, DP5 function (section 2.7), integration limits
(section 2.5) and sigma parameter (section 2.4). A full list of plots and their corresponding formulation of
the DP5 probability is given in table 16.

In addition, comparative plots for DP5 formulations differing only by the choice of sigma parameter
are displayed in figures 44 - 49. These figures display three columns, Left: frequency distributions of
molecular probabilities assigned to the correct (blue) and incorrect (red) combinations, where the incorrect
combinations have been weighted such that their resulting MAE distribution matches that of the correct
combinations. Centre: the bayesian correction function applied. Right: frequency distributions of final
DP5 probabilities for correct (blue) and weighted incorrect combinations (red).
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Figure 12: Figure illustrating the molecules utilised to evaluate the performance of the AA. Molecules, AT3, TS3A, TS4 and NL1A
were not included as these only have corresponding 1H NMR data, all other molecules have both 1H and 13C NMR data. The spectra
for molecules JB7, JB11, JB5 and JB8 were taken in solvents methanol, benzene, DMSO and methanol respectively, whilst all others
were taken in CDCl3. Sources for the spectral data: AT1-3,21,22BYH1-2,23 JB1-13B,24,25KE1-3 (personal correspondence),NL1A-
2B,26 TP1-4 (personal correspondence), TS1-4(personal correspondence), data for all other molecules has been collected specifically
for this study.
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Figure 13: Full DP5 (top) and DP4 (bottom) probabilities for the 42 relative stereochemistry elucidation examples displayed in
figure 12. All DP5 probabilities have been normalised to sum to 1 as in relative stereochemistry problems the correct structure can
be guaranteed to be in the list of probabilities.
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Figure 14: Full DP5 (top) and DP4 (bottom) probabilities for the 42 relative stereochemistry elucidation examples displayed in
figure 12.
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Figure 15: Full DP5 (top) and DP4 (bottom) probabilities for the 42 relative stereochemistry elucidation examples displayed in
figure 12.
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Figure DP5 equation Integration equation Sigma Parameter

17 8 2 fixed
18 8 2 0.3
19 8 2 0.1
20 8 2 0.025
21 8 3 fixed
22 8 3 0.3
23 8 3 0.1
24 8 3 0.075
25 8 3 0.05
26 8 3 0.025
27 8 4 0.3
28 8 4 0.1
29 8 4 0.075
30 8 4 0.05
31 8 4 0.025

32 7 2 fixed
33 7 2 0.3
34 7 2 0.1
35 7 2 0.025
36 7 3 fixed
37 7 3 0.3
38 7 3 0.1
39 7 3 0.075
40 7 3 0.05
41 7 3 0.025
42 7 4 0.3
43 7 4 0.1

Figure 16
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Figure 17: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 8 atomic probabilities were found using equation 2 and the kernel sigma value was set to infinity. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 18: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 8 atomic probabilities were found using equation 2 and the kernel sigma value was set to 0.3. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 19: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 8 atomic probabilities were found using equation 2 and the kernel sigma value was set to 0.1. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 20: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 8 atomic probabilities were found using equation 2 and the kernel sigma value was set to 0.025. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 21: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 8 atomic probabilities were found using equation 3 and the kernel sigma value was set to infinity. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 22: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities
were calculated using equation8 atomic probabilities were found using equation 3 and the kernel sigma value was set to 0.3. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 23: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 8 atomic probabilities were found using equation 3 and the kernel sigma value was set to 0.1. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).

30



Figure 24: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 8 atomic probabilities were found using equation 3 and the kernel sigma value was set to 0.075. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 25: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 8 atomic probabilities were found using equation 3 and the kernel sigma value was set to 0.05. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 26: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 8 atomic probabilities were found using equation 3 and the kernel sigma value was set to 0.025. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 27: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 8 atomic probabilities were found using equation 4 and the kernel sigma value was set to 0.3. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 28: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 8 atomic probabilities were found using equation 4 and the kernel sigma value was set to 0.1. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 29: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 8 atomic probabilities were found using equation 4 and the kernel sigma value was set to 0.075. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 30: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 8 atomic probabilities were found using equation 4 and the kernel sigma value was set to 0.05. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 31: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 8 atomic probabilities were found using equation 4 and the kernel sigma value was set to 0.025. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).

38



Figure 32: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 7 atomic probabilities were found using equation 2 and the kernel sigma value was set to infinity. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 33: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 7 atomic probabilities were found using equation 2 and the kernel sigma value was set to 0.3. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 34: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 7 atomic probabilities were found using equation 2 and the kernel sigma value was set to 0.1. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 35: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 7 atomic probabilities were found using equation 2 and the kernel sigma value was set to 0.025. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 36: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 7 atomic probabilities were found using equation 3 and the kernel sigma value was set to infinity. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 37: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 7 atomic probabilities were found using equation 3 and the kernel sigma value was set to 0.3. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 38: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 7 atomic probabilities were found using equation 3 and the kernel sigma value was set to 0.1. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 39: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 7 atomic probabilities were found using equation 3 and the kernel sigma value was set to 0.075. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 40: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 7 atomic probabilities were found using equation 3 and the kernel sigma value was set to 0.05. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 41: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 7 atomic probabilities were found using equation 3 and the kernel sigma value was set to 0.025. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 42: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 7 atomic probabilities were found using equation 4 and the kernel sigma value was set to 0.3. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 43: Figure displaying results from the combinatorial cross validation study. In this figure, the molecular probabilities were
calculated using equation 7 atomic probabilities were found using equation 4 and the kernel sigma value was set to 0.1. Top
right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and the incorrect combinations with
maximum errors > 10 ppm (red). Bottom left: the MAE error distribution of the correct combinations (blue) and the MAE error
distribution of incorrect combinations weighted by the corresponding probabilities from the correct combinations MAE distribution
(red). Bottom right: the frequency distributions of the DP5 probabilities of the correct combinations (blue) and weighted frequency
distribution of the DP5 probabilities of the incorrect combinations weighted by the corresponding probabilities from the correct
combinations MAE distribution (red).
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Figure 44: Figure comparing results from cross validation study for formulations of the DP5 probability differing only by the choice
of sigma parameter. Molecular probabilities were calculated using equation 8 and the atomic probabilities were found using equation
2. Left: frequency distributions of molecular probabilities assigned to the correct (blue) and incorrect (red) combinations, where
the incorrect combinations have been weighted such that their resulting MAE distribution matches that of the correct combinations.
Centre: the bayesian correction function applied. Right: frequency distributions of final DP5 probabilities for correct (blue) and
weighted incorrect combinations (red).
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Figure 45: Figure comparing results from cross validation study for formulations of the DP5 probability differing only by the choice
of sigma parameter. Molecular probabilities were calculated using equation 8 and the atomic probabilities were found using equation
3. Left: frequency distributions of molecular probabilities assigned to the correct (blue) and incorrect (red) combinations, where
the incorrect combinations have been weighted such that their resulting MAE distribution matches that of the correct combinations.
Centre: the bayesian correction function applied. Right: frequency distributions of final DP5 probabilities for correct (blue) and
weighted incorrect combinations (red).
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Figure 46: Figure comparing results from cross validation study for formulations of the DP5 probability differing only by the choice
of sigma parameter. Molecular probabilities were calculated using equation 8 and the atomic probabilities were found using equation
4. Left: frequency distributions of molecular probabilities assigned to the correct (blue) and incorrect (red) combinations, where
the incorrect combinations have been weighted such that their resulting MAE distribution matches that of the correct combinations.
Centre: the bayesian correction function applied. Right: frequency distributions of final DP5 probabilities for correct (blue) and
weighted incorrect combinations (red).
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Figure 47: Figure comparing results from cross validation study for formulations of the DP5 probability differing only by the choice
of sigma parameter. Molecular probabilities were calculated using equation 7 and the atomic probabilities were found using equation
2. Left: frequency distributions of molecular probabilities assigned to the correct (blue) and incorrect (red) combinations, where
the incorrect combinations have been weighted such that their resulting MAE distribution matches that of the correct combinations.
Centre: the bayesian correction function applied. Right: frequency distributions of final DP5 probabilities for correct (blue) and
weighted incorrect combinations (red).
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Figure 48: Figure comparing results from cross validation study for formulations of the DP5 probability differing only by the choice
of sigma parameter. Molecular probabilities were calculated using equation 7 and the atomic probabilities were found using equation
3. Left: frequency distributions of molecular probabilities assigned to the correct (blue) and incorrect (red) combinations, where
the incorrect combinations have been weighted such that their resulting MAE distribution matches that of the correct combinations.
Centre: the bayesian correction function applied. Right: frequency distributions of final DP5 probabilities for correct (blue) and
weighted incorrect combinations (red).
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Figure 49: Figure comparing results from cross validation study for formulations of the DP5 probability differing only by the choice
of sigma parameter. Molecular probabilities were calculated using equation 7 and the atomic probabilities were found using equation
4. Left: frequency distributions of molecular probabilities assigned to the correct (blue) and incorrect (red) combinations, where
the incorrect combinations have been weighted such that their resulting MAE distribution matches that of the correct combinations.
Centre: the bayesian correction function applied. Right: frequency distributions of final DP5 probabilities for correct (blue) and
weighted incorrect combinations (red).
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6 NMRShiftDB Molecules

NMRShiftDB IDs for the 5140 molecules used in DP5s internal dataset and in the combinatorial studies.
This dataset was originally constructed by Paton et al.18

2192 2194 2198 2202 2203 2207 2230 2241 2245 2248 2251 2255 2276 2279 2282 2290 2293 2339 2340
2348 2361 2366 2370 2381 2425 2431 2432 2440 2443 2452 2453 2469 2481 2495 2506 2529 2537 2553
2558 2559 2568 2573 2581 2584 2585 2590 2593 2595 2596 2600 2610 2693 2697 2735 2739 2745 2782
2820 2825 2861 2862 3156 3285 3292 3325 3408 3409 3492 3707 3715 3744 3870 3873 3995 4206 4289
4293 4295 4420 5508 6605 6609 6768 7061 7066 7078 7108 7229 7236 7359 7489 7902 7912 7986 7992 8411
9670 9671 9754 10088 10258 10505 10592 10886 11012 11093 11220 11224 11225 11226 11305 11348 11352
11683 17453 19748 19831 19834 19872 19875 19918 19998 20001 20043 20082 20140 20334 21070 21111
21115 21125 21156 21326 21333 21786 22047 22127 22129 22130 22147 22169 74182 74209 74215 74217
74220 74224 74233 74250 74258 74260 74262 74272 74274 74275 74276 74277 74278 74279 74280 74283
74287 74291 74297 74934 74935 74937 74938 74939 74941 74945 74947 74950 74952 74955 74963 74967
74974 74975 74998 75003 75012 75013 75018 75019 75028 75040 75043 75044 75048 75052 75054 75058
75290 75293 75299 75301 75305 75310 75316 75319 75320 75321 75324 75327 75328 75329 75336 75344
75347 75349 75362 75363 75367 75383 75386 75388 75391 75399 75403 75404 75408 75413 75419 75425
75426 75427 75664 75668 75669 75686 75690 75694 75704 75706 75711 75712 75717 75718 75728 75744
75746 75749 75754 75762 75773 75775 75782 75784 75786 75787 75788 75789 76040 76054 76060 76063
76071 76072 76073 76076 76077 76089 76092 76132 76133 76164 76410 76435 76440 76441 76442 76448
76464 76478 76482 76484 76485 76487 76490 76491 76494 76495 76498 76505 76518 76523 76544 76549
76551 76552 76557 76786 76794 76797 76803 76806 76816 76818 76819 76834 76840 76843 76844 76845
76880 76886 76890 76902 76903 76905 76910 76912 77158 77169 77170 77182 77196 77197 77201 77202
77205 77206 77208 77213 77223 77230 77231 77234 77235 77236 77237 77238 77241 77242 77245 77251
77253 77255 77256 77258 77259 77260 77272 77274 77281 77295 77298 77301 88191 88199 88391 88395
88396 88399 88400 88401 88407 88408 88409 88418 88426 88432 88441 88450 88454 88460 88462 88464
88465 88466 88470 88471 88472 88477 88483 88486 88492 88496 88752 88753 88767 88775 88776 88777
88778 88779 88783 88790 88800 88809 88815 88816 88824 88826 88837 88852 88853 88861 88874 88883
89126 89127 89144 89152 89155 89166 89170 89172 89181 89182 89192 89193 89194 89195 89200 89201
89207 89208 89213 89214 89216 89218 89220 89226 89227 89248 89250 89251 89252 89256 89258 89265
89266 89267 89541 89548 89549 89569 89573 89576 89580 89581 89588 89591 89602 89604 89620 89625
89628 89641 89642 89646 89879 89880 89884 89886 89889 89897 89904 89907 89915 89916 89917 89918
89920 89936 89937 89941 89946 89964 89966 89976 89977 89984 89995 90003 90004 90005 90248 90263
90264 90265 90270 90271 90272 90274 90278 90279 90283 90285 90287 90289 90300 90306 90313 90318
90322 90323 90336 90337 90351 90357 90362 90369 90370 90378 90380 90381 90386 90632 90636 90644
90646 90648 90652 90674 90680 90694 90699 90700 90701 90719 90729 90733 10003368 10003451 10003533
10003578 10005613 10005727 10005795 10005811 10005853 10005985 10006107 10006277 10006293 10006294
10006295 10006315 10006316 10006345 10006644 10006977 10006982 10007145 10007149 10007150 10007649
10007655 10007667 10007825 10008070 10008157 10008330 10008574 10008576 10008584 10008597 10008628
10008629 10008643 10008729 10008735 10008744 10008771 10008778 10008835 10008849 10008882 10008898
10008929 10008940 10008981 10008986 10008987 10009012 10009015 10009028 10009029 10009035 10009037
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20181806 20181808 20181809 20181818 20181819 20181825 20181830 20181839 20181841 20181849 20181853
20181869 20181873 20181876 20181886 20181889 20181891 20181892 20181902 20181905 20181909 20181915
20181916 20181921 20181931 20181935 20181942 20181945 20181951 20181964 20181967 20181977 20181981
20181988 20181992 20181999 20182000 20182002 20182004 20182008 20182018 20182020 20182026 20182041
20182043 20182045 20182048 20182051 20182055 20182057 20182062 20182074 20182079 20182088 20182097
20182098 20182103 20182106 20182111 20182120 20182123 20182124 20182127 20182130 20182131 20182136
20182138 20182142 20182159 20182160 20182167 20182174 20182179 20182181 20182182 20182188 20182189
20182192 20182196 20182197 20182201 20182203 20182211 20182214 20182221 20182224 20182226 20182228
20182229 20182231 20182232 20182234 20182241 20182251 20182254 20182265 20182268 20182270 20182271
20182272 20182273 20182276 20182278 20182281 20182285 20182286 20182292 20182294 20182309 20182311
20182315 20182316 20182328 20182331 20182334 20182335 20182342 20182355 20182369 20182370 20182372
20182373 20182378 20182381 20182383 20182385 20182393 20182395 20182399 20182401 20182406 20182422
20182424 20182432 20182433 20182443 20182444 20182446 20182465 20182469 20182472 20182486 20182496
20182498 20182502 20182504 20182521 20182532 20182536 20182545 20182554 20182555 20182565 20182568
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20182572 20182586 20182591 20182594 20182596 20182600 20182605 20182608 20182611 20182616 20182617
20182620 20182623 20182629 20182636 20182646 20182649 20182651 20182658 20182659 20182671 20182672
20182675 20182680 20182685 20182688 20182691 20182695 20182701 20182703 20182704 20182705 20182715
20182718 20182722 20182726 20182733 20182734 20182739 20182752 20182754 20182758 20182762 20182766
20189359 20190481 20191607 20191610 20191616 20191617 20191619 20191621 20191639 20191642 20191644
20191645 20191648 20191649 20191654 20191666 20191667 20191671 20191673 20191676 20191679 20191680
20191683 20191687 20191689 20191694 20191696 20191710 20191714 20191715 20191718 20191721 20191726
20191731 20191733 20191760 20191774 20191778 20191782 20191785 20191794 20191802 20191804 20191805
20191810 20191812 20191813 20191824 20191830 20191832 20191833 20191845 20191850 20191852 20191856
20191858 20191872 20191874 20191878 20191897 20191904 20191918 20191921 20191925 20191926 20191927
20191931 20191934 20191935 20191936 20191938 20191950 20191959 20191962 20191967 20191968 20191970
20191973 20191974 20191976 20191979 20191983 20191984 20191994 20192000 20192002 20192019 20192021
20192027 20192726 20193847 20198900 20198908 20198915 20198921 20198925 20198927 20198928 20198941
20198950 20198966 20198976 20198995 20199000 20199001 20199010 20199025 20199034 20199048 20199061
20200018 20200022 20200027 20200032 20200036 20200038 20200054 20200057 20200059 20200060 20200067
20200069 20200070 20200081 20200082 20200083 20200089 20200097 20200098 20200099 20200111 20200122
20200127 20200146 20200149 20200155 20200187 20200192 20200193 20200197 20200198 20200219 20200258
20200260 20200264 20200282 20200286 20200305 20200589 20200591 20200593 20200596 20200611 20200616
20200617 20200621 20200627 20200632 20200633 20200640 20200645 20200657 20200658 20200659 20200676
20200715 20200716 20200718 20200720 20200721 20200722 20200724 20200727 20200739 20200753 20200764
20200771 20200780 20200782 20200795 20200798 20200803 20200810 20200811 20200815 20200816 20200818
20200826 20200838 20200846 20200851 20200853 20200855 20200864 20200877 20200878 20200883 20200886
20200901 20200904 20200926 20200935 20200943 20200947 20200956 20200958 20200959 20201327 20201342
20201344 20201347 20201355 20201360 20201374 20201375 20201377 20201383 20201384 20201386 20201389
20201396 20201397 20201398 20201401 20201406 20201414 20201419 20201421 20201428 20201429 20201435
20201442 20201445 20201465 20201701 20202465 20202483 20203198 20203760 20203770 20203777 20203786
20203791 20203792 20203795 20203796 20203797 20203817 20203833 20203836 20203838 20203839 20203842
20203843 20204132 20204136 20204137 20204141 20204145 20204162 20204174 20204178 20204196 20204203
20204207 20204216 20204218 20204220 20204230 20204231 20204232 20204235 20204242 20204250 20204260
20204265 20204281 20204283 20204284 20204288 20204294 20204295 20204302 20204307 20204316 20204321
20204325 20204326 20204327 20204329 20204342 20204344 20204357 20204366 20204696 20204697 20204704
20204710 20204716 20204720 20204727 20204728 20204731 20204732 20204737 20204739 20204748 20205068
20205815 20205824 20205825 20206190 20206203 20206205 20206207 20206212 20206216 20206221 20206228
20206231 20206234 20206238 20206248 20206259 20206279 20207314 20207318 20207319 20207320 20207324
20207328 20207350 20207354 20207357 20207371 20207381 20207385 20207387 20207390 20207407 20207416
20207419 20207423 20207424 20207437 20207441 20207447 20207450 20207455 20207462 20207463 20207468
20207474 20207484 20207486 20207509 20207515 20207523 20207526 20207532 20207554 20207556 20207559
20207562 20207563 20207578 20207594 20207883 20207885 20207896 20207906 20207907 20207908 20207909
20207912 20207914 20207915 20207934 20207947 20207948 20207957 20207958 20207969 20207976 20207979
20207995 20208017 20208021 20208031 20208037 20208050 20208051 20208059 20208072 20208088 20208091
20208101 20208105 20208107 20208112 20208113 20208118 20208119 20208121 20208127 20208131 20208137
20208139 20208148 20208156 20208163 20208188 20208189 20208190 20208193 20208194 20208196 20208201
20208202 20208218 20208222 20208224 20208225 20208228 20208234 20208235 20208248 20208249 20208253
20208254 20208267 20208279 20208291 20208297 20208303 20208308 20208316 20208317 20208318 20208321
20208328 20208334 20208339 20208346 20208351 20208356 20208359 20208363 20208373 20208377 20208379
20208381 20208385 20208389 20208393 20208394 20208400 20208414 20208417 20208420 20208428 20208437
20208438 20208439 20208442 20208450 20208455 20208463 20208466 20208470 20208472 20208478 20208479
20208488 20208496 20208508 20208513 20208532 20208535 20208545 20208548 20208550 20208557 20208558
20208560 20208561 20208565 20208569 20208570 20208572 20208575 20208580 20208586 20208588 20208589
20208604 20208609 20208610 20208611 20208629 20208631 20208635 20208642 20208648 20208654 20208661
20208665 20208669 20208674 20208678 20208685 20208689 20208707 20208711 20208722 20208725 20208729
20208738 20208745 20208747 20208754 20208758 20208760 20208761 20208767 20208776 20208783 20208785
20208789 20208792 20208793 20208795 20208807 20208808 20208810 20208812 20208820 20208824 20208828
20208835 20208847 20208855 20208861 20208864 20208874 20208884 20208888 20208897 20208907 20208919
20208932 20208936 20208955 20208972 20208974 20208984 20208995 20209012 20209017 20209019 20209022
20209023 20209025 20209042 20209043 20209045 20209047 20209060 20209061 20209069 20209076 20209081
20209082 20209090 20209091 20209099 20209104 20209105 20209110 20209115 20209124 20209129 20209131
20209142 20209144 20209151 20209157 20209160 20209167 20209169 20209176 20209177 20209186 20209199
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20209205 20209209 20209225 20209228 20209239 20209243 20209248 20209254 20209259 20209260 20209267
20209275 20209279 20209286 20209296 20209300 20209307 20209314 20209321 20209326 20209327 20209333
20209337 20209344 20209352 20209357 20209358 20209359 20209371 20209375 20209391 20209395 20209404
20209405 20209411 20209413 20209417 20209423 20209424 20209427 20209436 20209439 20209444 20209446
20209473 20209489 20209497 20209498 20209506 20209507 20209522 20209523 20209532 20209537 20209539
20209541 20209557 20209564 20209566 20209567 20209592 20209599 20209609 20209614 20209615 20209618
20209624 20209627 20209629 20209632 20209645 20209651 20209652 20209670 20209687 20209696 20209697
20209698 20209704 20209710 20209713 20209719 20209730 20209732 20209735 20209748 20209749 20209750
20209753 20209756 20209757 20209758 20209765 20209771 20209793 20209806 20209814 20209823 20209830
20209833 20209835 20209836 20209839 20209842 20209845 20209847 20209854 20209856 20209857 20209873
20209883 20209888 20209898 20212362 20212365 20212368 20212369 20212372 20212377 20212400 20212402
20212404 20212411 20212414 20212420 20212422 20212439 20212440 20212441 20212443 20212445 20212448
20212452 20212456 20212463 20212467 20212468 20212477 20212481 20212482 20212483 20212484 20212485
20212488 20212500 20212502 20212504 20212517 20212527 20212529 20212532 20212533 20212537 20212538
20212544 20212557 20212561 20212567 20212576 20212582 20212585 20212588 20212589 20212590 20212591
20212593 20212597 20212598 20212606 20212607 20212614 20212616 20212617 20212618 20212628 20212634
20212637 20212641 20212643 20212646 20212655 20212659 20212665 20212673 20212674 20212675 20212676
20212682 20212686 20212695 20212701 20212705 20212722 20212723 20212728 20212735 20212738 20212748
20212752 20212762 20212767 20212771 20212780 20212782 20212783 20212786 20212796 20212802 20212805
20212806 20212807 20212810 20212824 20212827 20212831 20212833 20212845 20212846 20212869 20212877
20212885 20212891 20212892 20212893 20212894 20212895 20212908 20212928 20212929 20212938 20212946
20212947 20212951 20212963 20212964 20212965 20212968 20212970 20212978 20212987 20212990 20212994
20213000 20213005 20213009 20213022 20213030 20213031 20213034 20213041 20213047 20213049 20213055
20213066 20213072 20213075 20213080 20213086 20213087 20213088 20213090 20213092 20213095 20213096
20213097 20213098 20213104 20213113 20213115 20213141 20213145 20213146 20213164 20213167 20213171
20213174 20213178 20213180 20213181 20213182 20213186 20213190 20213192 20213199 20213203 20213206
20213210 20213226 20213239 20213245 20213249 20213254 20213262 20213263 20213279 20213287 20213290
20213296 20213300 20213302 20213307 20213311 20213316 20213331 20213333 20213335 20213340 20213344
20213353 20213357 20213362 20213374 20213376 20213377 20213382 20213391 20213396 20213399 20213400
20213402 20213405 20213414 20213418 20213429 20213432 20213441 20213442 20213444 20213446 20213450
20213453 20213458 20213461 20213462 20213463 20213466 20215914 20216662 20217971 20217972 20217983
20217984 20217985 20217987 20217990 20217991 20217993 20217998 20217999 20218000 20218006 20218011
20218014 20218020 20218024 20218025 20218028 20218047 20218051 20218054 20218055 20218058 20218062
20218068 20218071 20218079 20218080 20218083 20218085 20218086 20218088 20218095 20218097 20218101
20218102 20218105 20218114 20218118 20218119 20218122 20218123 20218124 20218125 20218130 20218133
20218147 20218152 20218159 20218160 20218161 20218165 20218166 20218168 20218177 20218181 20218182
20218186 20218187 20218189 20218192 20218197 20218199 20218200 20218204 20218207 20218216 20218218
20218220 20218222 20218230 20218233 20218234 20218247 20218248 20218252 20218253 20218270 20218271
20218723 20218727 20218733 20218735 20218739 20218747 20218750 20218754 20218755 20218762 20218765
20218767 20218775 20218778 20218786 20218791 20218794 20218795 20218797 20218799 20218800 20218805
20218806 20218808 20218809 20218812 20218817 20219467 20220215 20220596 20220598 20220599 20220601
20220964 20220967 20221340 20221342 20221357 20221358 20221359 20221361 20221363 20221372 20221373
20221380 20221384 20221390 20221402 20221409 20221420 20221429 20221431 20221435 20221436 20221440
20221441 20221447 20221461 20221477 20221478 20221480 20221481 20221483 20221492 20221496 20221497
20221500 20221503 20221506 20221508 20221510 20221511 20221516 20221522 20221526 20221528 20221529
20221532 20221534 20221537 20221542 20221548 20221551 20221553 20221566 20221571 20221573 20221585
20221590 20221596 20221597 20221609 20221610 20221614 20221618 20221621 20221622 20221625 20221632
20221645 20221653 20221658 20221661 20221662 20221664 20221665 20221677 20221695 20221699 20221704
20221709 20221714 20221723 20221728 20221742 20222085 20222461 20223583 20223955 20223956 20223957
20224154 20224155 20224156 20224158 20224170 20224172 20224175 20224179 20224180 20224182 20224186
20224187 20224193 20224197 20224199 20224201 20224202 20224215 20224226 20224250 20224252 20224254
20224257 20224258 20224259 20224262 20224263 20224280 20224282 20224283 20224292 20224300 20224309
20224319 20224321 20224330 20224332 20224333 20224342 20224348 20224349 20224354 20224355 20224363
20224369 20224373 20224383 20224388 20224401 20224413 20226947 20226955 20226968 20226972 20226974
20226982 20226984 20226985 20226988 20226992 20226997 20226999 20227002 20227008 20227011 20227013
20227014 20227021 20227022 20227024 20227028 20227030 20227035 20227037 20227041 20227044 20227054
20227057 20227058 20227059 20227065 20227066 20227067 20227069 20227070 20227071 20227076 20227077
20227331 20227343 20227352 20227358 20227362 20227365 20227369 20227370 20227371 20227376 20227383
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20227393 20227397 20227400 20227407 20227408 20227409 20227411 20227412 20227413 20227418 20227428
20227431 20227438 20227448 20227450 20227455 20227457 20227459 20227461 20227464 20229941 20229948
20229959 20229960 20229963 20229966 20229969 20229974 20229998 20230004 20230007 20230009 20230011
20230012 20230025 20230028 20230030 20230034 20230046 20230047 20230052 20230059 20230062 20230068
20230070 20230071 20230073 20230080 20230087 20230089 20230093 20230094 20230098 20230105 20230107
20230109 20230115 20230124 20230136 20230138 20230139 20230140 20230141 20230150 20230152 20230162
20230166 20230172 20230177 20230185 20230187 20230190 20230198 20230203 20230204 20230205 20230207
20230212 20230216 20230236 20230240 20230244 20230259 20230263 20230269 20230277 20230280 20230287
20230288 20230289 20230294 20230298 20230320 20230332 20230336 20230337 20230341 20230346 20230350
20230351 20230356 20230357 20230365 20230368 20230372 20230375 20230376 20230384 20230389 20230393
20230399 20230402 20230404 20230406 20230407 20230415 20230416 20230419 20230422 20230427 20230432
20230439 20230441 20230443 20230448 20230456 20230465 20230482 20230483 20230487 20230488 20230490
20230492 20230499 20230502 20230510 20230523 20230526 20230532 20230538 20230540 20230542 20230549
20230552 20230554 20230559 20230565 20230568 20230570 20230571 20230578 20230585 20230595 20230600
20230612 20230617 20230622 20230625 20230632 20230634 20230636 20230639 20230644 20230648 20230657
20230658 20230672 20230673 20230675 20230676 20233868 20233871 20233874 20233877 20233881 20233884
20233891 20233896 20233898 20233902 20233907 20233912 20233914 20233917 20233918 20233926 20233931
20233945 20233954 20233955 20233956 20233965 20233966 20233971 20233980 20233981 20233986 20233987
20233991 20233995 20234001 20234022 20234026 20234029 20234030 20234032 20234035 20234046 20234047
20234048 20234055 20234062 20234067 20234069 20234070 20234073 20234074 20234086 20234091 20234098
20234103 20234110 20234120 20237236 20237241 20237250 20237254 20237257 20237259 20237263 20237268
20237272 20237277 20237281 20237290 20237292 20237300 20237318 20237321 20237326 20237328 20237332
20237334 20237349 20237371 20237382 20237386 20237392 20242099 20242103 20242114 20242129 20242135
20242136 20242139 20242141 20242149 20242165 20242173 20242179 20242182 20242185 20242187 20242196
20242202 20242209 20242210 20242212 20242214 20242220 20242230 20242234 20242236 20242237 20242238
20242239 20242242 20242248 20242258 20242265 20242266 20242273 20242274 20242278 20242279 20242284
20242287 20242294 20242298 20242301 20242303 20242308 20242313 20242317 20242323 20242329 20242334
20242336 20242338 20242346 20242347 20242355 20242364 20242371 20242392 20242395 20242398 20242403
20242409 20242411 20242414 20242416 20242422 20246789 20246793 20246807 20246819 20246822 20246825
20246827 20246833 20246843 20246844 20246858 20246861 20246862 20246871 20246872 20246876 20246879
20246881 20246886 20246894 20246907 20246908 20246909 20246911 20246923 20246927 20246939 20246942
20246948 20246967 20246969 20246970 20246973 20246980 20249049 20249066 20249087 20249088 20249107
20249111 20249124 20249131 20249134 20249137 20249142 20249168 20249170 20249184 20249226 20249257
20249259 20249263 20249292 30000100 30000220 30000241 30000260 30000280 30000300 30000340 30000460
30000480 30000500 30000600 30000601 30000604 30000632 30000730 30000765 30000766 30000770 30000790
30001000 30001080 30001540 30001572 30078467 30079589 30080340 30080346 30081089 30095492 30095496
30095874 30095876 30095879 30096241 30096617 30096629 30096634 30096635 30096993 30097373 30098293
30100161 30100164 30100167 30100176 30100178 30100186 30100199 30100207 30100209 30100210 30100218
30100222 30100224 30100225 30100232 30100243 30100246 30100254 30100259 30100260 30100270 30100286
30100540 30100542 30100543 30100550 30100553 30100572 30100576 30100577 30100579 30100585 30100590
30100604 30100609 30100618 30100621 30100623 30100637 30100645 30100648 30100649 30100651 30100653
30100657 30100659 30100667 30100671 30100678 30100909 30100912 30100915 30100916 30100917 30100928
30100929 30100933 30100947 30100948 30100970 30100983 30100984 30101020 30101021 30101285 30101287
30101301 30101310 30101311 30101313 30101314 30101315 30101316 30101318 30101322 30101330 30101337
30101338 30101339 30101340 30101341 30101342 30101353 30101357 30101358 30101359 30101366 30101372
30101375 30101664 30101687 30101690 30101698 30101701 30101707 30101709 30101710 30101717 30101719
30101724 30101742 30101756 30101769 30102049 30102050 30102054 30102056 30102075 30102087 30102088
30102089 30102090 30102094 30102114 30102115 30102156 30103156 40022454 40055374 40057048 40072630
40093880 40097666 40097671 40097674 40097716 40099299 40104204 40109486 40114828 40115576 40116004
40116015 40116016

7 Reassignment Examples Shift Data

Similar tables of data are available for the stereochemistry examples in DP4-AI supporting information1
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7.1 S1

label calc corrected exp error prob
C12 24.52 17.26 18.70 1.44 0.02
C1 27.97 20.23 20.70 0.47 0.71
C15 29.12 21.23 24.40 3.17 0.27
C8 29.27 21.36 24.60 3.24 0.62
C13 30.35 22.29 26.90 4.61 0.07
C10 32.58 24.22 28.10 3.88 0.18
C7 37.80 28.72 28.20 -0.52 0.65
C3 40.14 30.75 28.60 -2.15 0.14
C2 41.44 31.86 32.80 0.94 0.39
C11 50.84 39.98 37.60 -2.38 0.49
C9 52.25 41.20 39.10 -2.10 0.69
C4 55.31 43.84 40.10 -3.74 0.18
C5 71.91 58.18 43.70 -14.48 0.01
C6 82.80 67.58 75.20 7.62 0.01

Incorrect isomer

label calc corrected exp error prob
C11 21.14 18.33 18.70 0.37 0.41
C13 24.86 21.84 20.70 -1.14 0.17
C14 27.27 24.11 24.40 0.29 0.68
C8 27.31 24.15 24.60 0.45 0.57
C10 27.94 24.74 26.90 2.16 0.59
C7 31.26 27.87 28.10 0.23 0.68
C5 31.55 28.14 28.20 0.06 0.61
C1 33.00 29.51 28.60 -0.91 0.17
C4 35.53 31.89 32.80 0.91 0.65
C6 43.05 38.98 37.60 -1.38 0.09
C9 43.44 39.35 39.10 -0.25 0.65
C12 46.14 41.90 40.10 -1.80 0.32
C2 47.59 43.26 43.70 0.44 0.71
C3 80.87 74.62 75.20 0.58 0.65

Correct Isomer
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7.2 S2

label calc corrected exp error prob
C13 12.37 3.49 7.70 4.21 0.08
C14 20.13 12.03 19.72 7.69 0.01
C17 55.99 51.50 55.81 4.31 0.07
C15 61.86 57.96 56.46 -1.50 0.06
C1 104.55 104.96 91.80 -13.16 0.01
C2 120.50 122.51 108.70 -13.81 0.01
C8 121.19 123.27 111.34 -11.93 0.01
C4 123.61 125.94 157.05 31.11 0.01
C5 139.96 143.94 157.05 13.11 0.01
C3 154.21 159.63 159.07 -0.56 0.70
C6 161.04 167.14 161.14 -6.00 0.01
C9 168.16 174.98 162.05 -12.93 0.01
C7 171.43 178.57 178.03 -0.54 0.71

Incorrect isomer, original NMR interpretation

label calc corrected exp error prob
C13 21.86 21.48 19.72 -1.76 0.15
C16 56.12 56.06 55.81 -0.25 0.70
C15 56.20 56.14 56.46 0.32 0.68
C4 95.51 95.83 91.80 -4.03 0.36
C6 98.33 98.68 108.70 10.02 0.01
C2 113.77 114.27 111.34 -2.93 0.37
C8 117.30 117.83 157.05 39.22 0.01
C3 166.09 167.09 157.05 -10.04 0.01
C1 168.01 169.02 159.07 -9.95 0.01
C5 169.84 170.87 161.14 -9.73 0.01
C9 169.86 170.89 162.05 -8.84 0.01
C7 178.94 180.06 178.03 -2.03 0.49

Correct Isomer, original NMR interpretation
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label calc corrected exp error prob
C13 12.37 3.26 7.30 4.04 0.08
C14 20.13 11.47 19.40 7.93 0.01
C17 55.99 49.41 55.40 5.99 0.01
C15 61.86 55.62 56.00 0.38 0.71
C1 104.55 100.78 91.10 -9.68 0.01
C2 120.50 117.66 105.30 -12.36 0.01
C8 121.19 118.39 108.00 -10.39 0.01
C4 123.61 120.96 110.90 -10.06 0.01
C5 139.96 138.25 156.50 18.25 0.01
C3 154.21 153.33 158.50 5.17 0.06
C6 161.04 160.55 160.70 0.15 0.55
C9 168.16 168.08 162.60 -5.48 0.11
C7 171.43 171.54 177.60 6.06 0.01

Incorrect isomer, updated NMR interpretation

label calc corrected exp error prob
C13 21.86 21.97 19.40 -2.57 0.53
C16 56.12 54.70 55.40 0.70 0.71
C15 56.20 54.78 56.00 1.22 0.06
C4 95.51 92.34 91.10 -1.24 0.30
C6 98.33 95.04 105.30 10.26 0.01
C2 113.77 109.79 108.00 -1.79 0.34
C8 117.30 113.17 110.90 -2.27 0.69
C3 166.09 159.78 156.50 -3.28 0.42
C1 168.01 161.62 158.50 -3.12 0.30
C5 169.84 163.37 160.70 -2.67 0.69
C9 169.86 163.39 162.60 -0.79 0.32
C7 178.94 172.06 177.60 5.54 0.02

Correct Isomer, updated NMR interpretation
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7.3 S3

label calc corrected exp error prob
C22 15.78 12.52 14.00 1.48 0.18
C11 22.14 18.66 14.50 -4.16 0.17
C21 26.76 23.11 22.60 -0.51 0.70
C5 27.80 24.11 24.30 0.19 0.70
C16 31.39 27.58 28.40 0.82 0.71
C17 33.01 29.14 29.20 0.06 0.71
C19 33.05 29.18 29.50 0.32 0.72
C18 33.46 29.58 29.60 0.02 0.72
C20 35.24 31.30 30.30 -1.00 0.72
C6 35.60 31.65 30.50 -1.15 0.51
C15 35.88 31.92 31.80 -0.12 0.72
C4 36.56 32.56 32.20 -0.36 0.59
C13 61.02 56.16 59.40 3.24 0.57
C2 112.43 105.77 132.20 26.43 0.01
C10 150.33 142.33 138.90 -3.43 0.18
C3 160.45 152.10 139.00 -13.10 0.01
C7 169.96 161.28 147.50 -13.78 0.01
C9 170.26 161.57 172.80 11.23 0.01
C1 210.92 200.80 194.60 -6.20 0.01

Incorrect isomer

label calc corrected exp error prob
C24 14.51 13.01 14.00 0.99 0.68
C20 16.01 14.46 14.50 0.04 0.61
C19 26.62 24.75 22.60 -2.15 0.49
C5 27.61 25.71 24.30 -1.41 0.63
C14 29.86 27.88 28.40 0.52 0.73
C15 30.87 28.87 29.20 0.33 0.72
C16 31.05 29.05 29.50 0.45 0.73
C13 31.82 29.79 29.60 -0.19 0.55
C17 32.16 30.12 30.30 0.18 0.67
C4 33.09 31.03 30.50 -0.53 0.73
C18 34.72 32.60 31.80 -0.80 0.70
C6 35.40 33.26 32.20 -1.06 0.66
C23 57.97 55.14 59.40 4.26 0.07
C2 136.65 131.43 132.20 0.77 0.49
C22 143.49 138.06 138.90 0.84 0.44
C3 145.42 139.94 139.00 -0.94 0.41
C8 154.02 148.27 147.50 -0.77 0.47
C9 178.50 172.00 172.80 0.80 0.16
C1 203.17 195.92 194.60 -1.32 0.23

Correct Isomer
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7.4 S4

label calc corrected exp error prob
C12 23.37 24.82 18.70 -6.12 0.03
C11 28.77 30.08 20.80 -9.28 0.01
C10 29.54 30.83 24.90 -5.93 0.01
C15 32.43 33.64 30.00 -3.64 0.29
C4 42.03 42.98 42.60 -0.38 0.73
C13 42.41 43.35 43.40 0.05 0.55
C1 48.71 49.48 48.60 -0.88 0.44
C3 51.39 52.09 49.40 -2.69 0.13
C5 52.44 53.11 53.10 -0.01 0.69
C9 56.62 57.17 78.30 21.13 0.01
C2 62.84 63.22 83.40 20.18 0.01
C6 216.89 213.10 207.20 -5.90 0.02
C14 219.07 215.22 208.70 -6.52 0.01

Incorrect isomer

label calc corrected exp error prob
C9 21.14 19.30 18.70 -0.60 0.50
C8 21.89 20.02 20.80 0.78 0.56
C16 26.14 24.10 24.90 0.80 0.57
C12 31.86 29.58 30.00 0.42 0.69
C10 44.32 41.53 42.60 1.07 0.67
C4 49.34 46.35 43.40 -2.95 0.58
C5 51.79 48.69 48.60 -0.09 0.73
C1 52.38 49.26 49.40 0.14 0.72
C3 56.83 53.53 53.10 -0.43 0.72
C14 80.56 76.29 78.30 2.01 0.53
C2 89.21 84.58 83.40 -1.18 0.20
C11 217.45 207.54 207.20 -0.34 0.65
C6 218.27 208.33 208.70 0.37 0.71

Correct Isomer

69



7.5 S5

label calc corrected exp error prob
C22 23.89 20.62 28.50 7.88 0.08
C19 30.99 27.63 30.50 2.87 0.65
C18 39.17 35.70 36.50 0.80 0.71
C26 58.59 54.88 42.40 -12.48 0.01
C3 60.59 56.86 60.80 3.94 0.23
C6 72.41 68.53 61.70 -6.83 0.01
C4 76.75 72.82 71.80 -1.02 0.71
C5 88.09 84.01 81.70 -2.31 0.71
C1 122.59 118.08 122.10 4.02 0.18
C16 126.30 121.74 127.30 5.56 0.07
C10 127.23 122.66 127.40 4.74 0.08
C15 128.03 123.44 129.90 6.46 0.01
C12 142.15 137.39 137.00 -0.39 0.72
C14 142.73 137.96 142.40 4.44 0.06
C13 158.05 153.08 145.60 -7.48 0.01
C7 160.52 155.53 145.80 -9.73 0.01
C9 164.01 158.97 158.10 -0.87 0.46
C11 165.06 160.01 158.70 -1.31 0.12
C2 176.12 170.93 173.50 2.57 0.70
C17 213.25 207.59 206.70 -0.89 0.59

Incorrect isomer

label calc corrected exp error prob
C17 32.92 29.60 28.50 -1.10 0.21
C22 35.91 32.52 30.50 -2.02 0.44
C16 39.26 35.80 36.50 0.70 0.73
C3 49.84 46.13 42.40 -3.73 0.35
C26 57.20 53.33 60.80 7.47 0.01
C6 66.06 61.98 61.70 -0.28 0.72
C4 78.11 73.77 71.80 -1.97 0.18
C5 81.41 76.99 81.70 4.71 0.10
C1 129.42 123.91 122.10 -1.81 0.31
C14 129.95 124.43 127.30 2.87 0.69
C13 132.32 126.75 127.40 0.65 0.69
C9 137.37 131.69 129.90 -1.79 0.15
C12 141.69 135.90 137.00 1.10 0.18
C2 149.71 143.75 142.40 -1.35 0.07
C7 152.50 146.47 145.60 -0.87 0.42
C18 154.89 148.81 145.80 -3.01 0.57
C10 164.00 157.71 158.10 0.39 0.51
C11 168.15 161.76 158.70 -3.06 0.21
C8 178.33 171.71 173.50 1.79 0.19
C15 212.77 205.38 206.70 1.32 0.08

Correct Isomer
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7.6 S6

label calc corrected exp error prob
C19 14.08 11.26 14.46 3.20 0.26
C14 19.25 15.67 18.08 2.41 0.73
C4 25.98 21.41 20.89 -0.52 0.73
C17 28.95 23.94 22.05 -1.89 0.17
C16 31.69 26.28 26.22 -0.06 0.67
C5 31.93 26.48 27.07 0.59 0.66
C9 33.90 28.16 28.74 0.58 0.70
C6 37.92 31.59 35.47 3.88 0.19
C11 51.35 43.04 41.16 -1.88 0.24
C3 52.06 43.64 42.26 -1.38 0.09
C10 52.78 44.26 51.02 6.76 0.01
C13 60.78 51.08 57.80 6.72 0.01
C1 84.57 71.36 64.86 -6.50 0.01
C2 116.09 98.23 76.90 -21.33 0.01
C7 144.68 122.61 136.08 13.47 0.01
C8 172.07 145.97 141.92 -4.05 0.08

Incorrect isomer

label calc corrected exp error prob
C16 16.57 14.81 14.46 -0.35 0.72
C14 19.25 17.31 18.08 0.77 0.45
C12 21.39 19.30 20.89 1.59 0.09
C8 25.60 23.23 22.05 -1.18 0.12
C13 26.88 24.43 26.22 1.79 0.23
C2 30.75 28.04 27.07 -0.97 0.12
C7 31.58 28.81 28.74 -0.07 0.65
C6 40.95 37.56 35.47 -2.09 0.39
C3 45.92 42.19 41.16 -1.03 0.16
C11 47.37 43.54 42.26 -1.28 0.08
C9 55.84 51.45 51.02 -0.43 0.48
C17 58.50 53.92 57.80 3.88 0.10
C1 71.63 66.17 64.86 -1.31 0.54
C10 81.86 75.71 76.90 1.19 0.28
C4 146.61 136.12 136.08 -0.04 0.65
C5 153.34 142.40 141.92 -0.48 0.65

Correct Isomer
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7.7 S7

label calc corrected exp error prob
C27 20.38 22.14 26.60 4.46 0.08
C12 24.90 25.90 27.30 1.40 0.36
C11 25.16 26.12 30.90 4.78 0.05
C4 48.77 45.79 36.10 -9.69 0.01
C3 51.29 47.88 45.70 -2.18 0.64
C1 51.92 48.41 47.00 -1.41 0.48
C2 72.07 65.19 65.30 0.11 0.71
C8 103.29 91.20 86.90 -4.30 0.14
C6 115.88 101.69 112.50 10.81 0.01
C5 208.87 179.15 171.50 -7.65 0.01
C7 209.70 179.83 183.50 3.67 0.07

Incorrect isomer

label calc corrected exp error prob
C12 27.96 25.41 26.60 1.19 0.11
C11 28.91 26.33 27.30 0.97 0.26
C13 31.36 28.68 30.90 2.22 0.72
C6 42.77 39.64 36.10 -3.54 0.13
C3 48.42 45.08 45.70 0.62 0.02
C1 49.75 46.35 47.00 0.65 0.20
C2 72.54 68.27 65.30 -2.97 0.58
C4 91.38 86.38 86.90 0.52 0.24
C7 119.54 113.45 112.50 -0.95 0.20
C8 176.51 168.22 171.50 3.28 0.60
C5 194.47 185.48 183.50 -1.98 0.14

Correct Isomer
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7.8 S8

label calc corrected exp error prob
C8 36.64 20.92 32.40 11.48 0.01
C5 82.56 68.06 66.20 -1.86 0.73
C6 83.37 68.88 66.70 -2.18 0.49
C4 88.00 73.64 71.90 -1.74 0.72
C2 152.81 140.15 130.90 -9.25 0.01
C3 163.37 151.00 135.50 -15.50 0.01
C1 168.09 155.84 174.90 19.06 0.01

Incorrect isomer

label calc corrected exp error prob
C3 35.53 31.07 32.40 1.33 0.29
C6 69.55 65.11 66.20 1.09 0.26
C2 70.85 66.41 66.70 0.29 0.66
C1 75.63 71.20 71.90 0.70 0.72
C4 136.97 132.59 130.90 -1.69 0.17
C5 148.46 144.08 135.50 -8.58 0.01
C7 172.40 168.05 174.90 6.85 0.07

Correct Isomer
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7.9 S9

label calc corrected exp error prob
C21 10.81 7.07 10.30 3.23 0.27
C20 31.26 27.56 27.00 -0.56 0.72
C13 39.38 35.69 34.80 -0.89 0.51
C7 40.49 36.80 39.00 2.20 0.55
C4 40.75 37.07 39.20 2.13 0.48
C8 65.89 62.25 48.80 -13.45 0.01
C5 65.98 62.34 49.20 -13.14 0.01
C2 74.40 70.78 79.50 8.72 0.01
C3 74.60 70.98 80.10 9.12 0.01
C9 82.50 78.89 80.20 1.31 0.11
C16 82.87 79.27 82.70 3.43 0.22
C6 84.06 80.46 86.70 6.24 0.01
C17 91.15 87.56 89.00 1.44 0.48
C15 116.15 112.60 111.40 -1.20 0.65
C14 152.16 148.68 140.10 -8.58 0.01

Incorrect isomer

label calc corrected exp error prob
C20 11.20 12.47 10.30 -2.17 0.65
C19 29.72 29.57 27.00 -2.57 0.24
C9 31.32 31.05 34.80 3.75 0.18
C10 33.83 33.37 39.00 5.63 0.08
C2 40.53 39.55 39.20 -0.35 0.60
C13 41.04 40.03 48.80 8.77 0.01
C14 69.68 66.48 49.20 -17.28 0.01
C1 83.01 78.80 79.50 0.70 0.69
C11 84.04 79.74 80.10 0.36 0.61
C5 84.23 79.92 80.20 0.28 0.48
C8 85.67 81.25 82.70 1.45 0.50
C6 90.86 86.04 86.70 0.66 0.68
C15 91.42 86.56 89.00 2.44 0.27
C4 114.94 108.29 111.40 3.11 0.43
C3 154.57 144.89 140.10 -4.79 0.06

Correct Isomer
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7.10 S10

label calc corrected exp error prob
C14 18.74 19.30 22.00 2.70 0.66
C21 24.53 24.83 22.07 -2.76 0.57
C15 27.21 27.40 22.45 -4.95 0.07
C20 32.25 32.21 22.73 -9.48 0.01
C7 34.63 34.49 28.53 -5.96 0.06
C4 41.47 41.03 41.73 0.70 0.62
C3 45.14 44.54 54.37 9.83 0.01
C2 46.81 46.14 54.48 8.34 0.06
C5 51.86 50.97 62.57 11.60 0.01
C6 58.73 57.53 62.77 5.24 0.05
C1 85.75 83.37 84.12 0.75 0.40
C17 145.48 140.49 130.94 -9.55 0.01
C19 150.99 145.76 135.07 -10.69 0.01
C9 188.85 181.96 177.27 -4.69 0.11
C16 210.49 202.66 211.58 8.92 0.01

Incorrect isomer

label calc corrected exp error prob
C19 22.82 20.04 22.00 1.96 0.25
C20 23.41 20.61 22.07 1.46 0.06
C12 25.34 22.46 22.45 -0.01 0.50
C14 25.79 22.88 22.73 -0.15 0.72
C13 32.78 29.58 28.53 -1.05 0.36
C1 47.75 43.92 41.73 -2.19 0.61
C5 58.19 53.92 54.37 0.45 0.32
C4 58.25 53.98 54.48 0.50 0.17
C8 66.93 62.29 62.57 0.28 0.68
C2 67.99 63.31 62.77 -0.54 0.26
C3 88.56 83.02 84.12 1.10 0.09
C11 141.85 134.05 130.94 -3.11 0.31
C10 144.36 136.46 135.07 -1.39 0.04
C7 185.40 175.78 177.27 1.49 0.12
C9 221.54 210.39 211.58 1.19 0.22

Correct Isomer
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7.11 S11

label calc corrected exp error prob
C10 29.80 18.50 24.50 6.00 0.01
C11 33.34 22.29 26.40 4.11 0.18
C9 52.43 42.67 46.20 3.53 0.18
C12 72.68 64.29 49.60 -14.69 0.01
C5 132.66 128.35 127.10 -1.25 0.28
C1 132.82 128.52 128.30 -0.22 0.65
C4 133.01 128.72 128.30 -0.42 0.63
C2 134.28 130.08 129.80 -0.28 0.68
C6 136.01 131.93 129.80 -2.13 0.54
C3 139.78 135.95 137.30 1.35 0.53
C7 167.74 165.80 169.80 4.00 0.48

Incorrect isomer

label calc corrected exp error prob
C11 28.13 24.39 24.50 0.11 0.63
C10 30.46 26.68 26.40 -0.28 0.65
C12 50.60 46.55 46.20 -0.35 0.72
C9 53.16 49.08 49.60 0.52 0.72
C3 131.95 126.81 127.10 0.29 0.69
C4 132.30 127.16 128.30 1.14 0.17
C1 133.52 128.36 128.30 -0.06 0.45
C6 135.25 130.07 129.80 -0.27 0.61
C2 135.59 130.40 129.80 -0.60 0.60
C5 143.11 137.82 137.30 -0.52 0.72
C7 175.50 169.78 169.80 0.02 0.67

Correct Isomer
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7.12 S12

label calc corrected exp error prob
C18 70.89 47.62 40.40 -7.22 0.01
C20 76.14 54.54 53.30 -1.24 0.21
C1 79.16 58.52 65.10 6.58 0.18
C3 80.60 60.41 65.80 5.39 0.07
C6 86.50 68.19 69.50 1.31 0.31
C2 87.33 69.28 78.40 9.12 0.05
C11 95.19 79.63 81.00 1.37 0.10
C26 132.69 129.03 104.90 -24.13 0.01
C22 132.69 129.04 129.50 0.46 0.62
C24 132.93 129.35 130.60 1.25 0.27
C25 133.21 129.73 131.40 1.67 0.40
C23 133.64 130.29 134.20 3.91 0.16
C21 145.67 146.14 167.90 21.76 0.01
C12 178.85 189.84 169.60 -20.24 0.01

Incorrect isomer

label calc corrected exp error prob
C10 66.92 46.32 40.40 -5.92 0.07
C1 69.63 49.77 53.30 3.53 0.41
C2 71.79 52.50 65.10 12.60 0.01
C12 75.97 57.81 65.80 7.99 0.07
C4 82.20 65.72 69.50 3.78 0.16
C8 83.49 67.35 78.40 11.05 0.01
C5 108.46 99.05 81.00 -18.05 0.01
C18 133.25 130.51 104.90 -25.61 0.01
C16 133.66 131.03 129.50 -1.53 0.61
C14 133.67 131.05 130.60 -0.45 0.69
C17 133.75 131.15 131.40 0.25 0.70
C15 133.80 131.21 134.20 2.99 0.28
C13 143.02 142.92 167.90 24.98 0.01
C37 176.34 185.20 169.60 -15.60 0.01

Correct Isomer
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7.13 S13

label calc corrected exp error prob
C36 55.75 61.68 61.50 -0.18 0.63
C4 114.60 113.70 117.40 3.70 0.18
C19 119.16 117.73 118.20 0.47 0.67
C20 120.04 118.51 118.50 -0.01 0.70
C6 123.45 121.52 119.90 -1.62 0.18
C2 125.63 123.45 120.20 -3.25 0.39
C5 128.09 125.63 127.40 1.77 0.21
C7 136.37 132.94 130.20 -2.74 0.47
C18 141.28 137.28 138.50 1.22 0.16
C17 144.53 140.16 145.00 4.84 0.03
C3 160.99 154.71 150.50 -4.21 0.07

Incorrect isomer

label calc corrected exp error prob
C16 63.02 54.85 61.50 6.65 0.01
C1 124.73 113.54 117.40 3.86 0.69
C3 129.98 118.53 117.40 -1.13 0.25
C9 130.67 119.19 118.20 -0.99 0.15
C11 137.81 125.98 119.00 -6.98 0.08
C4 138.11 126.27 119.90 -6.37 0.01
C12 140.27 128.33 120.20 -8.13 0.01
C10 140.85 128.88 127.40 -1.48 0.06
C2 142.30 130.26 130.20 -0.06 0.59
C5 148.55 136.20 138.50 2.30 0.69
C13 154.16 141.54 145.00 3.46 0.72
C6 158.54 145.71 150.50 4.79 0.17
C8 159.28 146.41 150.50 4.09 0.06

Correct Isomer
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