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ABSTRACT

A method for data review in chemical sciences with a focus on data for the characterization of
synthetic molecules is described. As current procedures for data curation in chemistry rely almost

exclusively on manual checking or peer reviewing, a (semi-)automatic procedure for the evaluation
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of data assigned to molecular structures is proposed and demonstrated. The information usually
required for the identification of isolated compounds is used to clarify whether the data is complete
with respect to the available data types and metadata, if it is consistent with the proposed structure
and if it is plausible in comparison to simulated data. Spectra prediction and automatic signal
comparison are applied to NMR evaluation, mass spectrometry data are evaluated by signal
extraction, and machine learning is used for IR analysis. The proposed protocol shows how an
integration of different tools for data analysis can help to overcome the challenges of the currently

purely manual reviewing and curation efforts for data in synthetic chemistry.

Keywords: data curation, repositories, electronic lab notebooks, chemistry data, analytics

BACKGROUND

Research data play an essential role in all scientific disciplines as evidence of the research results
is obtained. They also serve as an important source of information in various re-use scenarios,
including the replication of results, a comparison with other datasets, or analytical purposes such
as machine learning (ML). Research data can advance scientific work and their preservation can
accelerate the gain of knowledge. In chemistry, as in many other experimental disciplines,
measurement data are particularly important. Their storage, preservation, and reuse can take place
at different stages of the research process and, depending on this, can be facilitated either by
electronic laboratory journals, databases, and institutional or non-institutional repositories. In any
case, when dealing with research data, the question arises as to how the data provided can be
curated to ensure compliance with either formal or content-related needs. While formal

requirements can usually be demanded or even enforced quite easily, checking the content of
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research data is a major challenge. Reasons for this are, firstly, the complexity of the research and
the accompanying diversity of research data and their analyses and, secondly, the lack of
standardisation and open data formats in many areas. Therefore, currently, the formal curation and
content review of most of the research data — if carried out at all — is based on manual peer-
reviewing. Only some established infrastructures such as the Cambridge Crystallographic Data
Centre (CCDC)! were able to implement suitable processes for an automated evaluation of
research data, which allow for the efficient and automatic review of thousands of crystal structures
for the Crystal Structure Database (CSD) per year’*. While the CCDC developed advanced
functions for crystal structures, automated methods for data curation and review are becoming
increasingly important also for other data types as well. In the future, a significant increase in the
utilisation of repositories and databases can be anticipated due to an increased obligation by

4367 and funding organisations®>!1%1112 to preserve and provide access to research data.

publishers
Review and curation mechanisms could also provide valuable assistance for other services than

repositories. For example, the software solutions used by researchers for documentation, above all

electronic laboratory journals, could benefit from support through automatic review mechanisms.

PREVIOUS WORK

In the past, various algorithms, models, software tools, and web-services have been described that
can be used for efficient, (partially) automated processing and curation of data in the discipline of
synthetic chemistry. The necessary input for those systems is generally the chemical structure in
combination with either the data file or the textual description (hereinafter referred to as named
“analysis”) of the measurement. For NMR measurements of organic molecules, there are several

established rule-based systems available. nmrshiftdb2 offers a web service that can be used to
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compare NMR shifts of experimentally gained 'H NMR and '*C NMR data with chemical shifts
that are simulated based on the chemical structure of the expected molecule.!* nmrshiftdb2
facilitates quality control for spectra assignments of small organic molecules and supports
scientists to approve their structures.'* Another web service, CSEARCH', offers functions to
check proposed chemical structures by comparison of the experimentally found '*C NMR data
with the respective calculated data. Important tools that can aid curation efforts are also provided
by so-called CASE software (computer-aided structure elucidation)'® such as seneca!” or LSD'8.
The web-based software CASPER!?’ (computer-assisted spectrum evaluation of regular
polysaccharides) uses NMR measurements to elucidate carbohydrates, including new
oligosaccharides and glycoconjugates, based on the agreement with predicted '"H NMR and '*C
NMR chemical shifts. Other models such as “Ask Ern6”?! work independently of selected
compound classes, offering self-learning systems for the automatic analysis of *H and 3C NMR
spectra based on experimental data. ML techniques have been applied to NMR signal processing,
prediction, and structure verification.?>** Several approaches use DFT-computed data as input for
the training of (deep) neural networks gaining suitable models to predict *C NMR shifts to e.g.
identify, structural mis-assignments of organic compounds.>** Other work with neural networks
has accelerated the development of suitable simulation methods for 'H NMR and *C NMR-based
shifts extracted from experimental data in the last years, 527 28.29:30.31.32.33,34.35 For the simulation
of IR spectroscopic data, DFT calculations can be used for specific scientific challenges and
general approaches were described in previous work.*® However, several ML approaches for the
simulation of IR-vibrational data were also reported.’”% 3% 4041 Also web services were built to
facilitate the comparison of experimental IR data with previously reported data*? and the analysis

of given spectra® and the prediction of spectra from a given structure. 446
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IMPLEMENTATION

For areview of research data, various types of information can be taken into account. Measurement

data consist primarily of (a) data files such as spectroscopic data from devices including data and

metadata, (b) additional associated metadata and descriptions such as the structure of the measured

substance or the measurement parameters, and (c) the interpretation of the data of the measured

samples in textual form (analysis)*’. Special options result from the chemical structure, which

enable the calculation or prediction/simulation of characteristic parameters for a measured

substance (Figure 1). The systematic description of the types of information (a) - (¢) shown in

Figure 1 can be transferred to a wide variety of measurement data. For the characterisation of

substances in synthetic organic chemistry, these are NMR spectroscopy, mass spectrometry, IR or

UV-Vis spectroscopy data, elemental analysis, and several others.

Typical information provided for research data: NMR data

Level 1 curation: availability, readbility, standardization

Data files

QU

chemical structure, solvent, temperature,
methods, instrument

-

Level 2 curation: consistency and plausibility

Calculations

5 H-atoms

1H NMR (400 MHz, CDCI3, ppm) & =
8.84 (s, 1H, NCHCBr), 8.11-8.07 {m, 1H,
CHar), 8.05-8.00 (m, 1H, CHar), 7.81-
7.76 (m, 2H, CHar).

Predictions
1H NMR shifts: 7.47, 7.73,
7.77,7.99,

8.28
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Figure 1. Typical NMR information for the characterization of molecules. The characterisation is
gained by several measurements each of which consists of a data file, metadata, and the analysis.
Based on the information in the metadata, additional information can be gained by calculations

and predictions.

The process described here uses the most frequently described data types belonging to the standard
techniques for the characterisation of organic compounds - which are *H NMR, *C NMR, IR
spectroscopy, and mass spectrometry. It checks those data types for the three different aspects of
readability, consistency, and plausibility (Figure 2) and combines the results in a numerical value
to distinguish data of high quality from data with lower quality. While we use different processes
for each of the data types, there are some general principles that can be followed: Data readability
and other indicators directly accessible from data files can be evaluated by checking the data for
the presence of open data file formats and their validation if standardised data exists. For automatic
checking of data consistency and plausibility, readable or better machine readable, standardised
data are a prerequisite. Information on data consistency can be gained e.g. from the comparison of
the calculated key indicators of a molecule —such as the number of atoms— with the indicators
given in the analysis of data. Data plausibility is obtained from a comparison of the contents of
analytical data files with the predicted data that can be obtained from the processing and simulation
of molecular structures.

The implementation of the proposed process was carried out in the Chemotion ELN (ELN =
Electronic Lab Notebook)*® as well as the Chemotion repository*®*°, The systems were chosen to
evaluate different use cases for semi-automated data curation. The implementation of the process

within the Chemotion ELN offers data curation features in the form of recommendations for
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scientists which may prevent errors. The implementation in the Chemotion repository can serve as
a recommender for data providers and as a curation tool for reviewers.

Depending on how detailed research data are to be curated, our processes define three levels: Level
1 summarises the methods that perform a check of data files, metadata, and analyses without
further information (,,one-dimensional evaluation®), level 2 consists of comparisons of data with
calculated or simulated data (,,two-dimensional evaluation), and level 3 combines the results of
level 1 and level 2,

Data Availability checks within Level 1

The procedure for checking data within level 1 consists of the check of data for their availability,
meaning the existence of a data file, its readability/processability and standardisation (Figure 2).
Further, the availability of a machine-readable chemical structure is checked. The machine-
readable chemical structure can be considered as additional metadata. The availability of analyses
is approved by the presence of textual descriptions for the different measurement types. For the
mandatory additional metadata as well as the analyses, no further checks of readability and
standardisation are necessary as the input options of the Chemotion systems enforce the support
of the desired standards.

Data consistency and plausibility: Level 2 evaluation

Level 2 (,two-dimensional evaluation®) requires additional information from calculated or
simulated data to be used for comparisons. Typical examples are consistency checks with
calculated data or plausibility checks using simulated data. In both cases, the information obtained
from data files and analyses is compared to theoretical information gained from the chemical
structure (Figure 2). To test the plausibility, the information obtained from the data files in the

form of data points or signals is compared with the simulated data points or signals and evaluated
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while considering the tolerances specific to the data type. In this work, NMR and IR data are
utilised for a plausibility analysis (see descriptions in the section plausibility). The consistency of
the data is reviewed by comparing the data files or the data analyses with calculations that are
available based on the chemical structure. Methods for NMR and mass data can be proposed to

confirm the consistency of the data (see descriptions in the section consistency).

Data Consistency as part of Level 2 evaluation

In our approach, data consistency is checked for the analytical data from *H NMR, *C NMR
spectroscopy and mass spectrometry completely automatically. The analytical interpretation
(analysis) given by the data creator is compared with the information from automatically processed
molecular structures by cheminformatics tools (cheminformatics toolkits used in this work are
described in the SI). For 'H NMR and *C NMR data, the signal interpretation (analysis), either
extracted from data files or added manually by the scientists, is parsed to determine the total
number of atoms that are referenced and the number is then compared with the molecular formula
of the proposed structure (option 2, Figure 2). Regarding mass spectrometry data, the data file of
the mass spectrum is checked for consistency with the expected values calculated for a specific
target structure. Those procedures based on data file approval require some effort as the data may
consist of diverse scans belonging to the same measurement. In the process proposed here, we
established a protocol to search in all scans of one measurement for the exact mass-to-charge ratio
and alternatively for the exact mass +1, +23, and +39, due to proton, sodium, and potassium adduct
formation. As an additional method of ensuring consistency, the list of identified mass peaks given
in the analytical information is checked for values that correspond to the exact mass of the target
molecule or possible combinations thereof (option 3, Figure 2). Here again, the verification process

also includes the comparison with values that correspond to the exact mass of the target molecule
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or combinations with the most common species derived from the molecules’ exact mass (see

supporting information for details) (option 4, Figure 2).

S
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S & Metadata: structure — - -
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- Consistenc
Data files [ [ [ Data files I PIausibiIityy
Availability Ood NMR data
Read-/Processability O OO Analysis . Consistency
Open, Standards Oos
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Availability O O O , Mass data
Standardization 1010 Analysis . Consistency —

Analysis
. Availability OO & Data files Consistency
Plausibility
Levell . IR data
Analysis Consistenc
Y
LEVEL 1 LEVEL 2

Figure 2. Aspects covered by the “one-dimensional” (left) two-dimensional (right) evaluation of
data files. Level 1 includes basic checks for data, metadata and analysis for each type of
measurement. Dark blue/yellow/green = good coverage, light blue/yellow/green = only partly
covered due to missing standardisation or not full coverage of all information by distinct standards.
Level 2 includes the evaluation of data files and analyses for consistency and plausibility with
calculations and simulations resulting from the chemical structure. Green squares = evaluation is
part of this work, white square = evaluation is not included. Numbers 1-5 refer to the options

described in the main text.

Data Plausibility as part of Level 2 evaluation

https://doi.org/10.26434/chemrxiv-2024-1r9tb ORCID: https://orcid.org/0000-0001-9513-2468 Content not peer-reviewed by ChemRxiv. License: CC BY 4.0


https://doi.org/10.26434/chemrxiv-2024-1r9tb
https://orcid.org/0000-0001-9513-2468
https://creativecommons.org/licenses/by/4.0/

While the theoretical values necessary for the consistency checks can be gained by different
cheminformatics toolkits without large differences in the outcome, the choice of simulation tool
for plausibility checks is crucial for the results. In our work, testing plausibility relies on different,
analytical method-specific models to predict the properties of molecules and their spectroscopic
characteristics for NMR and IR spectroscopy. To check the plausibility of NMR spectroscopic
data, the data files of 'H NMR and 3C NMR measurements are processed via the software
ChemSpectra®® and analysed using the QuickCheck service from nmrshiftdb2 (option 1, Figure
2)'. The process differs for 'H NMR data and *3C NMR data as preparation of *H NMR data as
well as its analysis is more complex than the preparation and analysis of 3C NMR data. In our
model, *H NMR spectra to be curated must be manually annotated with regards to multiplicity
assignment, and signals not belonging to the expected molecule (such as solvents and impurities)
have to be removed. For 13C NMR data, a process has been implemented, which allows for the
automatic selection of signals from a given NMR data file (for a detailed description of the process
and its limitations, see supporting information Chapter 2). The shifts of all manually and
automatically selected signals from *H NMR and *C NMR data are then compared to the shifts
that can be predicted for the expected molecule by the service from nmrshiftdb2. Depending on
the difference between the experimentally found and the simulated shift, a status of “accept”,
“warning” or “reject” is assigned to each shift (Figure 3). The evaluation routine enables the
manual correction of those results as the simulated data may contain errors or might not be as
precise as necessary for the included tolerances. The correction necessitates manual alteration of
the review outcome via confirmation of individual signals and their matching and is then included

in the outcome of the evaluation.
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Figure 3. Description of *H NMR plausibility checks for level 2 with the use of *H NMR data files
in combination with the chemical structure of a chemical compound. After multiplicity detection
for the relevant signals, the web services of nmrshiftdb2 are used to simulate the expected chemical
shifts for a selected chemical structure and to add a quick interpretation of the fitness of the

experimentally found (real) to the simulated shifts (predicted).

Plausibility checks for infrared spectroscopy are built in such a way as to check if those functional
groups, which are part of the chemical target structure, can be identified in a provided IR spectrum
(option 5, Figure 2). Our evaluation process utilises available cheminformatics toolkits such as
nmrglue®?, rdkit>® and functional group finder (IFG)** in combination with an ML model. The
implemented model adopts convolutional neural networks to recognise the presence of functional
groups from the full spectrum profile, not discrete peaks. This method is data-driven without pre-
encoded rules (see also results section). The trained model is used to estimate whether IR data files
contain the signals expected due to the functional groups of the corresponding chemical structure.

A detailed description of the methods and results for the implementation of the model is given in
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the Supporting Information (starting with Chapter 7). Based on this model, the functional groups
of the molecules to be curated are extracted from the given Molfile, and spectroscopic data points
are extracted and preprocessed using the IR JCAMP-DX file. For each functional group that is
expected, the outcome of the ML model in the form of the probability (does the spectrum reveal
the presence of a functional group?) as well as the typical confidence of the model with respect to
the functional group (referring to the test data) is given. Based on a combination of these two
indicators, an assessment of the matching of experimental and predicted data as an indicator for

the plausibility of the data is made (Figure 4).

——

~ '
en- 5 748 % ) ﬂ 1
=0 BLEI % &) IR spectrum

- . 7Y

ey
|

Figure 4. Schematic description of the evaluation process of IR data to determine the plausibility
of the data. The chemical structure of a compound is used to extract the included functional groups.
The implemented ML model gives an indication of whether the IR spectrum contains the predicted
signals for the extracted functional groups. Depending on the confidence of the model for a certain
functional group and the machine’s result, the curator can follow the evaluation or adapt the
outcome manually.

Final evaluation in Level 3

After passing level 1 and level 2 evaluations, our process combines the results from the various
techniques of both levels in a level 3. For a level 3 evaluation, the individual results from the
analytical techniques are weighted according to their significance (for the characterisation of a

compound) and prediction accuracy (according to known strengths and weaknesses of a specific
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evaluation method). Level 3 gives the result of the evaluation as a combination of readability,
consistency, and plausibility and is used for an estimation if the provided data are trustworthy and
coherent, aiming in particular to evaluate if the proposed chemical structures match the recorded
experimental data. A model for such a combined evaluation is described as level 3 of our data
curation process. An example of a level 3 evaluation was obtained in the Chemotion systems ELN
and repository and is depicted in Figure 5. A first overview of all results is gained via the summary
of all 1t and 2™ level results. The summary is presented in three main categories referred to as
“data availability”, “data evaluation” and “analysis check”. Each category includes various aspects
of the evaluation processes of level 1 and level 2, facilitating the review of the provided data with
a different focus. The availability of data files, metadata and analysis is a prerequisite for the
overall process and is implemented as mandatory information to be given during the provision of
the data. Therefore, the availability of data files, metadata and analysis is implicitly included in all
review categories and not listed separately. The category “data availability” summarises the
availability, readability/processability as well as openness/standardisation of the provided data
files. The category “data evaluation” covers the results of the consistency and plausibility checks
that were done based on the data files that were provided. As these results were gained based on
the chemical structure and other metadata as necessary information, this category also includes the
indirect check of the most important metadata availability and its standardisation. The category
“analysis check” summarises the results that are obtained from comparing the provided data with
calculated data. The results of the review are given as a colour code with green = passed, red = not
passed, black = not available/processable and grey = not reviewed (Figure 5). For the categories
“data availability” and ““analysis check” the colour code is a direct result of the evaluation results,

as the outcome of the evaluation is a clear true or false indication. For the category “data
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evaluation”, a small tolerance is included for simulation-based plausibility evaluation. This should
reflect that simulations may contain several weaknesses (e.g. imprecise prediction of chemical
shifts in NMR spectroscopy) and do not cover all aspects of necessary information (missing
confidence for functional group prediction in IR simulation). The contributing aspects for a
decision on the colour-coded review are available via a summary of the most important facts on
which the result is based. The details also include information on the differences between expected
and obtained results and, for transparency reasons, the corrections that were made by humans to

revise the weaknesses of the simulation models if there are any.

A’ .. ogj _0({’
\’s\‘\ .§
Method-specific evaluation & & @@ Q@b Summary and Weighting
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Data files
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Standardization 1
Consistency — | Data Evaluation . . . .
Plausibility [ '
Analysis check @) @D @ O
Availability
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Analysis (textual interpretation)
Availability B Summary
Consistency N
Level 1 Level 2
LEVEL 1 and 2 LEVEL 3
B, Prediction Real Diff Machine Owner
Atom  (ppm) (pPm)  (pPPM)
17 7.89 7.70 0.20 @
18 7.23 7.17 0.06 ® 1. Analysis of the provided digital NMR spectroscopy data: 1H NMR:
19 732 4.81 251 ® ® According to user: "H NMR (400 MHz, CDCl3 [7.27 ppm], ppm) & = 7.70 (dd, J = 1.5 Hz,
J=7.8Hz, 1H), 7.36-7.32 (m, 2H), 7.19-7.15 (m, 1H), 7.08-7.02 (m, 2H), 6.53 (dd, J =
20 7.02 6.53 049 © 1.1 Hz, J = 8.2 Hz, 1H), 6.48 (td, J = 1.3 Hz, J = 7.6 Hz, 1H), 4.81 (bs, 1H), 4.39 (s, 2H).
2 7.63 7.34 0.29 © Expected protons: 11. Identified protons: 11.
22 4.68 4.39 0.30 © Signals detected: 4.39, 4.81, 6.48, 6.53, 7.05, 7.17, 7.34, 7.70
23 4.68 4.39 0.30 © Signals detected (NMRShiftDB): 4.39, 4.39, 4.81, 6.48, 6.48, 6.53, 7.05, 7.05,
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27 7.28 6.48 0.80 @
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Figure 5. A. Schematic descriptions of the dependencies of the level 3 review on the outcome of
level 1 and level 2 evaluations. Arrows in different colours indicate the influence of distinct level
1 and 2 evaluations on different review categories in level 3. Summary and weighting are described
as a one number indication, considering the results from all types of measurements (NMR, Mass,
and IR, for details of the process, see supplemental information). B. Example for a typical level 2
evaluation of |H NMR data in detail. The consistency check refers to the comparison of counted
protons in the textual interpretation (analysis) with the calculated number of protons according to
the chemical structure. The plausibility check includes the prediction of shifts for the chemical
structure (with the service of nmrshiftdb2) and the comparison to the real values as extracted from
the NMR data files. The example results in 10/11 correctly assigned shifts, one shift needs manual

review by the curator.

For a review of data at a glance, the evaluation results — including all aspects of each analysis
method — are reflected in one number ranging from -2 points (missing and probably false or
contradictory information) to 10 points (data files, metadata, and analysis in full accordance with
the expected outcome). This number should give a clear indication of the coherence of a dataset to
be used for reviewing purposes but should also serve as a general indicator for comparing the
quality of different datasets. To obtain a meaningful indicator, the results from the data tests are
weighted, i.e. depending on the significance, informative value of the individual measurement
method, and the accuracy of fit or susceptibility to the error of the respective test method, the
individual evaluations from levels 1 and 2 are included to a different extent in the final evaluation.
The rules that define the evaluation of the individual aspects and their weighting are proposed in
this work as a possible catalogue that enables the evaluation of data for substance characterisation
in organic chemistry. The catalogue of rules used to evaluate data according to the work discussed
here is described in more detail in the Supporting Information. It includes similar principles that

are also important in the evaluation of data by a peer review. Thus, a goodness of fit of the data
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from 'H NMR and '*C NMR testing is assumed to be necessary. A hard criterion here is, for
example, the consistent comparison of the signals found in the NMR evaluation with the number
of signals to be expected. An equally important aspect is finding the correct molecular mass (or an
acceptable adduct/fragment) in both the evaluation of the data and the identification in the data file
provided. A lower weighting is assigned to the accuracy of fit of simulated data and experimentally
found data in the data file. A distinction is also made for the available types of analysis: °C NMR
experiments can usually be simulated well and also in many cases the data files can be used for
comparisons through simple, automated processing. '"H NMR data are somewhat more difficult to
incorporate into an automated workflow and the simulations are usually more complex, so 'H
NMR simulations are weighted less highly. The accuracy of the fit of the IR simulations to the

experimental data is also given little weight in the evaluation.

RESULTS

The usefulness of the described system depends on a meaningful outcome but also on the effort
that has to be invested to achieve the intended outcome. A low reviewing effort compared to a
traditional review of data is a key requirement to partly replace the current processes in research
data repositories or other management systems for research data. Consequently, concepts to
automate the described curation processes were integrated for all suitable types of measurements
and data. According to our findings, all evaluated data types are generally suitable for automated
curation with respect to data availability, readability, standardisation, consistency, and plausibility
with limitations particularly for the curation with respect to '"H NMR plausibility. For the latter,
the system requires the support of the reviewer in those cases where multiplicity selection and

integration are missing (Figure 6). This limitation referring to 'H NMR spectra is due to the
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complexity of including overlapping signals which make a standardised and automated analysis

hard to achieve.

1H NMR
@ Fullly automated process

@ Manual correction possible

@ Manual interaction necessary
13C NMR

- using data files
using metadata/structure info

- Using interpretation/analyses

T

Figure 6. Evaluation processes and their degree of recommended automation for the different

measurements included in the review process.

Evaluation by testing and approval of the process in the Chemotion repository

For an evaluation of the implemented processes, 110 exemplarily taken datasets published in the
Chemotion repository by the scientists who synthesised the compounds were curated according to
the processes described in the chapter implementation. The outcome of this half-automated
curation was then evaluated by human curators. All exemplarily used datasets consist of
spectroscopic data of organic molecules, for which 'H NMR, '*C NMR, mass and IR data are
available in a machine readable format. Datasets with obvious errors such as missing signals that
are already indicated by the data provider or datasets belonging to structures that cannot be
evaluated due to the absence of prediction tools, such as organometallic compounds, were
excluded from the chosen exemplarily dataset (see SI Chapter 7 (3) for further details). For all

data, the curator needed to (1) open the dataset for the sample, (2) initiate the automatic simulation
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of 'H NMR and *C NMR, (3) obtain a review summary upon clicking. In some cases, where the
submitter of the data did not add any multiplicity information in the 'H NMR spectra, this was
done by the curator. Additionally, '*C NMR data that needed correction due to a wrongly assigned
threshold or missing multiplicity information, was adjusted. After these steps, a first scoring can
be obtained, giving information on the suitability of the model without further evaluation by the
curator. Scores 10 and 9 can be reached, if all data are consistent and plausible (within the accepted
tolerance range, e.g. for NMR spectroscopy shifts). Score 10 can be gained if there is no difference
in the data with respect to the plausibility and consistency checks, score 9 can be reached for the
same with the exception of IR data mismatch. In every case where the data score did not reach 9
or 10 immediately, the curator examined the '"H NMR and *C NMR data in detail to determine if
the data’s variations from the simulation were acceptable or if there were other justifications for
the correction of the evaluation result by the human curator. From the 110 datasets (further referred
to as full dataset, Figure 8, a), we identified 18 examples in the dataset for which 'H and/or 1*C
predictions were not possible because the detected amount of signals did not correspond to the
number of simulated ones, therefore, the NMR plausibility check was not possible. The reasons
for this incompatible match are manifold. Very often, different routines of the Chemotion
repository and the used service from nmrshiftdb2 are the reason for this (see information in SI,
Chapter 6.2). Removing these data, for which a simulation was not possible, and therefore an
automatic comparison not available, from the evaluation routine gave a dataset of 92 examples
(Figure 8, b). We found that 27 examples that correspond to 29% (reduced dataset) of the data
were evaluated as fully consistent without human curation (assuming that mismatch of IR
simulation data is tolerated, Figure 8, ¢). For a further 18 datasets, only minor differences (one

signal in '"H NMR or '*C NMR outside the tolerance, no difference in IR and mass) were found
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(Figure 8, e). The experience of the curation reveals that minor differences of the real data to the
simulated data, in particular 'H NMR and '*C NMR data can be tolerated and, therefore, an
automated process assigning high scores also to data with minor differences can still be suitable to
automatically differentiate consistent data from data that needs to be checked again for further
clarification. For those examples, a future version of the routine could assign a score of 9 or 10
automatically (which would increase the suitability results according to an automated process to
49% (45 datasets for the reduced dataset, Figure 8, g). Another 47 datasets (Figure 8, f) were found
to have more than one mismatch in the NMR evaluation which could be clarified by examining
the distinct NMR shifts in 40 of the given cases (Figure 8, f). The check of those examples with
more than one non-fitting shift in the NMR data comparison can be considered a quick check.
After the quick check, 85 datasets (92%) were scored with 9 or 10 (Figure 8, j). Nine remaining
submissions did not fit well to the expected outcome (less than score 10 or 9 after the review of
the 47 examples) and the differences of calculation/prediction to the obtained data was too large
to be tolerated with a quick check of the data (Figure 8, 1). The considered data was considered to
be potentially wrong and required further investigation. Out of these, 7 compounds were found to
be correct - they were false negative results of the curation process (Figure 8, k) and two out of
nine datasets with a score from 0-7 were found to have incorrect structures assigned to the dataset.
These results show that the model used is also capable of identifying errors in the assignment of
data to structures. A detailed look at these data reveals how powerful the described process is: the
data obtained was consistent with respect to the identified mass, therefore, mismatching datasets
are considered to be most likely isomers of the target compounds which were assigned wrongly to
the gained data. In the two mentioned cases, the results from the curation routine were compared

with the results of possible isomers and the best-fitting result was taken as the most likely
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assignment of the data to the correct isomer. In both cases the results were compared with the
literature and showed that the most likely assignment according to the curation process was also

the commonly reported structure in the literature (see SI Chapter 6.4 for further information).

a
Start

b
. Calculation possible “
C d
Automation result without interaction

Score 29 Score <9

. . f

e
0 @ samples that need quick check

minor issues major issues

¥

) g = h i
Could be curated with Clarification by Clarification by deep check
ok without interaction quick check
j . k I
Could be curated with .
ok

! After correction of the structure,

m
. the process was repeated

Figure 8. Outcome of the investigation of 110 datasets submitted to the Chemotion repository of
which 92 could be used for half-automated curation. The effort that needed to be invested to curate
the datasets was recorded for different levels of time investment. Green = number of datasets that
passed the process. Yellow numbers (9 and 2 in i and 1) = evaluation result before repetition of the
evaluation with the corrected structures. Detailed information on the numbers is available in SI

Part 2.

CONCLUSION

The presented concept shows a powerful method to support either scientists in their daily work or
reviewers’ work on the curation of data in the field of organic chemistry. The curation process uses

a combination of different tools to check the coherence of experimental data with simulated and
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calculated data gained from different cheminformatics tools. It includes the analyses of 'H NMR,
13C NMR spectroscopy, mass spectrometry and IR spectroscopy data and a combination of the
evaluation results by weighing their importance. The developed curation process was implemented
in the Chemotion repository to investigate the potential benefit for data reviewers. We evaluated
datasets of 110 chemical compounds provided by scientists who produced the data for publication
purposes. The performance of the curation routine was described for the curator’s work in general
and further options to partially automate the curation routine by non-manual review processes. The
implementation had a direct benefit for the reviewers as the automated checking routines and the
comparison of data with simulated data could be used directly for evaluation without the need to
use external software or tools. Without the additional curation of the reviewers, 49% of the data
could be evaluated. With little support from the curators, 92% of the data passed the evaluation,
indicating a match between the data and the proposed structures. For those examples, the curation
process was improved and accelerated compared to pure manual curation. The curation process
improved and accelerated the review for well-fitting data and enabled quick identification of
datasets requiring a detailed review due to mismatching results. The model was shown to be
suitable to identify datasets with errors, which were demonstrated by two examples where an
unusual tautomer was assigned to the data. This result indicates that the tolerances of the curation
routine are highly suitable to verify consistent data and detect possible errors. While the described
processes facilitate the work of a data curator already in the current version, forthcoming
improvements of simulation tools, particularly for NMR and IR data, could facilitate the process

to a point where most of the data can be curated automatically.
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ABBREVIATIONS
ELN, Electronic Laboratory Notebook; NMR, nuclear magnetic resonance; IR, infra red; DB,

database; UI, User Interface; ML, Machine Learning.
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