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Abstract: The structure elucidation of small organic molecules (<1500 Dalton) through 1D and 2D
nuclear magnetic resonance (NMR) data analysis is a potentially challenging, combinatorial problem.
This publication presents Sherlock, a free and open-source Computer-Assisted Structure Elucidation
(CASE) software where the user controls the chain of elementary operations through a versatile
graphical user interface, including spectral peak picking, addition of automatically or user-defined
structure constraints, structure generation, ranking and display of the solutions. A set of forty-five
compounds was selected in order to illustrate the new possibilities offered to organic chemists by
Sherlock for improving the reliability and traceability of structure elucidation results.

Keywords: natural products; nuclear magnetic resonance; dereplication; structure elucidation;
databases; open-source; NMRium; pyLSD; nmrXiv

1. Introduction

NMR spectroscopy is the most widely used analytical method for the thorough iden-
tification of organic chemical compounds. Preliminarily to de novo structure elucidation
by NMR, database lookup for an already known compound (dereplication) or for struc-
ture fragments has been included in several existing CASE systems using the spectral
fingerprint of one-dimensional (1D) NMR experiments as a search key. Through-bond
proximity relationships between atoms became available with the possibility of routinely
recording two-dimensional (2D) NMR spectra. The typical collection of NMR data used
for computer-assisted structure elucidation (CASE) might contain 1D spectra such as 'H,
13C and DEPT as well as the 2D HSQC, HMBC and COSY spectra. The HSQC experiment
indicates direct bonds between heavy atoms (non-hydrogen) and protons whereas HMBC
and COSY spectra bear hints about long-range chemical shift correlations between protons
and heavy atoms (HMBC) or between protons (COSY). Together with a given molecular
formula (MF) mainly determined by mass spectrometry (MS), the substructures and restric-
tions derived from 1D and 2D NMR spectra form the cornerstone of structure generation
by CASE systems. These constraints and the ones resulting from fragment search shrink
the chemical search space that would be otherwise too wide for practical applications [1-8].

Due to the combinatorial possibilities that might still arise in constitutional space, erro-
neous structural assignments were published, as mentioned in earlier reviews [2,4]. Several
CASE programs have been reported to address this problem and to exhaustively generate all
possible structures which satisfy structure restrictions given by automatic detection or user
definition. Examples are COCON [9], SENECA [10], LSD/pyLSD [11,12], Schmarnica [13],
Mestrelab MNova [14], Bruker CMC-se [14,15] and ACD/Structure Elucidator [16,17].

Until now and to the best of our knowledge, only commercial and closed-source software
exist which include a frontend offering spectrum processing routines to obtain structural
information from NMR data and a backend which provides a suite of CASE-related routines.
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To close this gap, we developed Sherlock, a CASE expert system for the easy identification
of known organic compounds and, when necessary, for their de novo structure elucidation.

2. Results and Discussion
2.1. The Test Dataset

The performance of Sherlock was evaluated with 45 test data sets which are available
as freely accessible archives (see Section 5.2).

An overview of the structure search settings and results is given in Table 1. The system
presented here was able to handle and solve problems with a number of heavy atoms up to
40 (test case 19). More is likely possible but was not evaluated. With the inclusion of the
default settings, the generated lists of solutions contained the expected molecule in 37 of
45 cases. The last five problems (41 to 45) could not be solved within an acceptable time.
There, the structure search was manually interrupted after three hours of computing time.
This does not necessarily mean that the CASE system is not able to solve them. Further
analysis by NMR experts might lead to results based on additional user-defined constraints.

The resolution parameters had to be adjusted in three examples (5, 17, and 25) to
produce the expected structure. For example, the automatic determination to allow hetero-
hetero bonds in study case 17 sets that property to false due to an occurrence of hetero-
hetero atom bond lower than the threshold of 1%. Thus, the bond between the two nitrogen
atoms was never formed. After allowing it manually the expected solution was generated.
In another example, test case 25, for the carbon with a chemical shift of 131.4, the detection
routine proposed an sp? hybridization and another carbon as a mandatory neighbour. Since
it is supposed to be located between nitrogen and sulphur, a carbon as a direct neighbour
was not appropriate here. Additionally, the list of possible hybridizations should include
sp. Finally, to enable the generation of the desired molecule, the modification of the
hybridization and set neighbours threshold to 0.1% and 100% was necessary.

Table 1. Overview of the test set used for the validation of Sherlock with planar chemical structures,
the number of results regarding the applied constraints and execution time (structure generation,
filtering, ranking), the average deviation as well as the number of matching and total signals. Com-
pound names without an asterisk indicate that the dereplication was successful by using the default
settings. One asterisk means that parameter adjustments were needed to achieve dereplication, while
entries with two asterisks were not found in the knowledge base.

Average

# Structure Solutions Rank Duration Settings Deviation Me.ltchmg
(Sec) Signals
(ppm)
HO _O 2 1 1 default

1 O‘ 1 1 1 first fragment 0.25 11/11

1-Naphthoic Acid

A

0]

NH

1 1 1 default

1 1 1 first fragment 0.23 7/7

N-Phenylpropanamide
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Table 1. Cont.
Duration Average Matchin
# Structure Solutions Rank Settings Deviation . 8
(Sec) Signals
(ppm)
j\ 2 1 1 default
O~ °NH
3 1 1 1 first fragment 0.60 8/8
N-(4-Methylphenyl)
propanamide
(0] 10 1 1 default
) y O/\/\N)%OH | . o
H  oH 1 1 1 first fragment .
Panthenol
NN: 0.1%
)\/\)\/\ / 1 1 ' SN: 100%
X P
5 /0 1 1 1 first fragment 177 n/n
** 8-(dimethylphosphoryl)
-2,6-dimethyloct-2-ene
)\ \ 9 1 3 default
Si.
0
N
6 2 1 1 first fragment 116 8/8
SN
** 4-Methoxybenzaldehyde
O-[tris(1-methylethyl)silyl]Joxime
\ 2 1 1 default
0_0
=
7 1 1 1 first fragment 0.19 9/9
Ethyl cinnamate
OH 6 1 1 default
© 0
HO
8 o OH 6 1 1 first fragment 190 4/4
OH

* Citric acid
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Table 1. Cont.
Duration Average Matchin
# Structure Solutions Rank Settings Deviation . 8
(Sec) Signals
(ppm)
> 500 1 63 default
- - - first fragment
9 1.69 12/12
first fragment
OH O 1 1 4 (DEV: 3 ppm)
* Nalidixic acid
HO _O 1 1 1 default
X
10 | 1 1 1 first fragment 2.09 6/6
_N
Nicotinic acid
— 0 9 1 1 default
o) 3:0
NH
1 N 1 1 1 first fragment 0.44 14/14
** Ac-Tyr(allyl)-OEt
— 0 1 1 1 default
o) BZO
HNY NH
12 1 1 1 first fragment 0.70 15/15
**N-Ac-Trp-OEt
Y 2 1 1 default
o0._0
13 1 1 1 first fragment 132 3/%
OH
** propan-2-yl
4-(1-hydroxyethyl)benzoate
OH 2 1 1 default
e
14 ‘ - - - first fragment 0.90 10/10

** 2-iodo-4-phenylphenol
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Table 1. Cont.
Duration Average Matchin
# Structure Solutions Rank Settings Deviation . 8
(Sec) Signals
(ppm)
(0] 4 1 1 default
/\[{O\/\ O)K/©
(0]
15 HO 1 1 1 first fragment 0.63 12/12
** 2-prop-2-enoyloxyethyl
2-hydroxybenzoate
1 1 1 default
16 1 1 1 first fragment 0.35 10/10
HO
(6]
Ibuprofen
2 1 380 HHB
/N\N =
17 - - - first fragment 1.72 7/9
**1,2-Bis [(0-ethylphenyl)
methylene]hydrazine
O\\'{' N— 6 1 1 default
S o
18 /N 1 1 1 first fragment 0.28 15/15
N
I
Eserine
/L 4 1 2 default
oo
HO
o 9 o
1 1 1 1 first fragment 0.66 28/32
OH
OH
Cucurbitacin E
HO 1 1 1 default
20 1 1 1 first fragment 1.36 13/15

HO

3-hydroxy-drimenol
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Table 1. Cont.
Duration Average Matchin
# Structure Solutions Rank Settings Deviation . 8
(Sec) Signals
(ppm)
133 8 116 default
21 11 4 109 first fragment 192 23/23
336 1 28 default
22 1 1 2 first fragment 0.11 15/15
(0] OH
Allantofuranone
273 6 25 default
z ; 273 6 19 first fragment 212 17/18
** 3-[(2,6-dimethyl-1,2,44,5,6,7,8,8a-
octahydronaphthalen-1-yl)-
hydroxymethylidene]-5-
methylpyrrolidine-2,4-dione
5 1 1 default
o SN
|
24 X 0 1 1 1 first fragment 0.74 10/10
SN
Caripyrin
HYBR: 0.1%
o > 500 1 705 SN 100%
0]
HO o
OH
% 13 1 18 first fragment 1.02 12/13
N
Nsg

s
** Sinapigladioside
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Table 1. Cont.
Duration Average Matchin
# Structure Solutions Settings Deviation . 8
(Sec) (ppm) Signals
(0] 1 1 default
N OJ\©\
26 OH 1 1 first fragment 0.33 9/9
Butylparaben
~
o) 2 1 default
27 K@ 1 1 first fragment 0.03 8/8
OH |
(2-iodo-5-methoxyphenyl)methanol
/ 94 8 default
(0]
—N (0]
28 o 1 1 first fragment 0.95 15/15
Cocaine
0] 3 1 default
N
29 \ NH 1 1 first fragment 0.41 11/11
S
Cytisine
F 3 1 default
Fj— F
O - - first fragment
30 1.21 5/6
1 1 first fragment
NH, (DEV: 2 ppm)
** 4-(2,2,2-trifluoroethoxy)aniline
2 1 default
31 Ej 1 1 first fragment 0.51 6/6

Ethylbenzene
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Table 1. Cont.
Duration Average Matchin
# Structure Solutions Rank Settings Deviation . 8
(Sec) Signals
(ppm)
/g 8 1 1 default
OH O 0
32 OJ\@ 1 1 1 first fragment 0.50 9/9
Aspirin
OH 2 1 1 default
OH
(0]
33 OH 1 1 1 first fragment 0.40 6/6
OH OH
a-D-glucose
0O 1 1 1 default
O
34 — 1 1 1 first fragment 0.34 6/6
Ethyl but-2-enoate
3 1 1 default
HO
35 1 1 1 first fragment 0.94 8/10
Menthol
OH 1 1 1 default
/K/K)J\/
36 1 1 1 first fragment 0.78 10/10
(4R)-Ipsdienol
301 1 18 default
OHN
7/ l )
- - - first fragment
S
37 1.63 10/13
first fragment
** 1,3,3—trimeth¥l-2—(1,3-thiazol—2- % 1 ’ (DEV: 4 ppm,
yl)bicyclo AVGDEV:
[2.2.1]heptan-2-ol 2 ppm)
~o 1 1 1 default
38 1 1 1 first fragment 0.18 8/8

Estragole
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Table 1. Cont.

. Average .
# Structure Solutions Rank Duration Settings Deviation Mé}tChmg
(Sec) Signals
(ppm)
(0] 1 1 1 default
=
39 /\/\OJ\/ 1 1 1 first fragment 0.57 7/7
Butyl acrylate
= | 14 1 1 default
(0]
40 1 1 1 first fragment 0.12 10/10
O
6-Pentyl-2H-pyran-2-one
41 No result
42 No result
C\
D
(E 0 i
N
NH o
43 © N/ HNII No result
O
"\
X Cy

** Pseudoxylallemycin B
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Table 1. Cont.

. Average .
# Structure Solutions Rank Duration Settings Deviation Mé}tChmg
(Sec) Signals
(ppm)
H,N HO
_N
0" 07 ONH NH
| X
0”0
44 No result
° OH
HO.
** Necroxime A
o
HN OH o o
45 © h | ° No result
OH
** Gladiofungin A

After the three necessary parameter adjustments and the elucidation for each of the
first 40 test examples, the rank of the expected compound was determined. As a result, 38 of
40 candidate lists contained the desired structure in the first place whereas two of them were
ranked #6 and #8. This indicates that the prediction and ranking modules of Sherlock are
reliable and the expected compound is often situated in the top ten of the ranked candidate
list. A full spectrum-to-spectrum assignment (Table 1) was produced in 31 cases among 40.
A 0.83 ppm overall mean average chemical shift deviation value was achieved.

The number of unassigned signals ranges from one to four in the 9 remaining cases. One
reason why the prediction of signals might fail is that there is no entry in the HOSE code
library and thus no prediction value is available. This problem will be overcome when larger
open-access collections of assigned NMR spectra will become available. Another cause for a
missing signal could be a larger difference in the given maximum shift tolerance or average
deviation. Furthermore, diastereotopic carbons might not be distinguished by their 3D HOSE
code since the stereochemical information in the output of pyLSD is not provided and no
method in Sherlock is implemented to provide it. In addition, the required stereochemical
properties, as suggested [18,19], are not available for all compounds in Sherlock’s structure-to-
spectrum database which leads to the same problem (mentioned above) during the HOSE
code knowledge base creation and thus also affects the prediction capability.

Sherlock provides the search for fragments for '3C query spectra. This was tested for
the first 40 case studies as well, by incorporating the first entry of the ranked fragment
list in the input file of the structure generator. In the vast majority of the cases (32) the
number of candidates was equal to one and the solution was the expected one. Only six of
the problems resulted in more than one solution but mostly with a massive reduction in
solution size. In two cases (14 and 17) no structure was produced due to improper fragment
proposal. Parameter adjustments for the fragment search in case of example 9, 30 and 37 led
to proper first fragment suggestions and the production of results, including the expected
one. The impact of the inclusion of the first proposed fragment in solution structures is
illustrated in Figure 1.

For example, test case 22 shows a drastic reduction of the solution set size. From
336 solutions without fragment data, only one structure was left. This was due to the
discovery of a fragment covering most of the structure, i.e., the quaternary carbon atoms
for which no correlations could be identified in the HMBC spectrum (Figure 2). In addition,
the connections of all hetero atoms (oxygens) are provided which otherwise would increase
the search space enormously without any further structural information.
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Figure 1. Distributions of number of results before and after the application of the first fragment
during the structure generation process. Only test cases with multiple candidates before and at least
one result after are displayed.

Q0
DO
©O

HO o

09

Figure 2. Molecular Connectivity Diagram (left), first fragment (center) and final result (right) of
study case 22. The blue framed quaternary carbons had no identified correlation in the HMBC
spectrum. Thus, the MCD contains no connection for those atoms to other atoms. Including the
fragment in the elucidation process led to reducing the number of solutions from 336 to one.

2.2. Test Case 15

This section provides a detailed demonstration of the structure elucidation workflow
in Sherlock. First, the available NMR spectra ('H, 13C, HSQC, HMBC, COSY) of compound
15 (Figure 3) were imported into NMRium (Spectra tab). Tetrahydrofuran (THF, see Figure 4)
was used as a solvent.
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Figure 3. Structure of test compound 15 (2-prop-2-enoyloxyethyl 2-hydroxybenzoate).

CASE ?

Default workspace @ A [

Spectra

@ = e ¥ (1]
H 13C 1H,1H 1H,13C
® _PSP THF 1d |
Information
Ranges
Summary
YBE c-n2 -2 05 View: (H__ v ) [29]
2 2 H12 H11 H10 H9 H8 H7 H6 H5 H4 H:Z
Atom & (ppm) Equiv #H Hybrid
c1
c2
|
| c3
1 |

c4

T T T T T T T ™

140 120 100 80 60 40 20 0 cs5
& [ppm)

cé

Figure 4. Test compound 15. Spectra tab with an overview of imported spectra (red frame) and the
summary panel on the right. On the left side is the view of the 13C spectrum and a list of tools. The
blue framed button is used to set the MF and placeholder atoms.

The panel in the upper right corner in Figure 4 shows that the spectra were loaded in
the frontend (tabs in red frame). The summary panel in the lower right corner contains all
the atoms added as placeholders to take into account the user-supplied MF (C1,H;,0s).
The left side panel shows the 1>*C NMR spectrum.

The summary table was then updated according to the positions of the peaks detected
in the 1D and 2D spectra. All twelve 3C signals were identified and the counter for carbon
atoms in the summary panel (blue frame in Figure 5) appeared green. Solvent signals can
be marked as such. The correlation data extraction routines do not consider signals which
have been changed to another signal kind than “signal” (default, see Figure 5). In this
example, solvent peaks were not picked.

The 'H spectrum analysis identified ten chemical shift ranges, each with a single signal
and a relative integration value (Figure 6). To set the number of expected protons and to
calculate the relative integrals, the button to change the sum of all ranges was used (red
framed in Figure 6). Eight ranges had a relative integral value close to one and two of them
close to two.
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ASHERLOCK Spectra CASE ?

Default workspace @ & [

L] LI ] " Spectra
Q 1.34 119 1.40 1.04
Information
ra
s, Ranges
Al B YEsRaw@e + [12] ¥
# & (ppm) Rel.C Mult. JH2) & I Kind
i 4 1319 0.52 s Signal v W e
b 5 1834 116 s Signal v [ECEr
6 11988 117 s Signal v o Qe
Je 7 12019 104 s Signal voomae
m 8 130.79 1.40 s Signal v W ez
9 13128 119 s Signal v o Qe
5 10 13665 134 s Signal v JuCr
E n 62.79 1.50 s Signal ¥ [ICEr
12 64.25 157 s Signal i o
gﬂ: Summary
Ve T 4= | C:12/12 H:-[12 0:-/5 View:(H v [29]
3 . 1H12 H11 H10 H9 H8 H7 H6 H5 H4 HI
Atom & (ppm) Equiv #H Hybrid
c5 1988
c6 12019
l c7 13079
cs 13128
I T T T T T T |
140 138 136 134 132 130 128 c9 136.65
& [ppm]
c10  162.98

Figure 5. Test compound 15. Zoomed-in 13C spectrum with picked ranges and respective entries in
the summary panel (row). Ranges of the current spectrum view and the corresponding atoms in the
summary table are highlighted.

ASHERLOCK Spectra case ;

Default workspace @ & [™

Q ] ] " .. ] " Spectra
0.85 098 101 0002 101097 102 2,091
Information
o
Ranges
Al @Y&&&.\ﬂ&’+ [10] ®
# & (ppm) Rel.H Mult. J (Hz) & E Kind
i 1 4.49 Mt 466 Signal v o maw
3 « ; H ) / ( 2 457-460 209 m Signal v o oae
3 5.84 102 dd 10.42,1.61 Signal v e
Jo 4 616 097 dd 17321042 Signal v mem
m 5 6.38 1.01 d 161 Signal v o mar
6 6.87 102  ddd  810,7.09,1.02 Signal v oma®
e | 7 693 094 dd 836069 Signal v maw
B 8 744-7.48 101 m Signal v ooe®
9 7.84 098  dd 7.97,1.70 Signal v o mae
EB Summary
& Y &= C:12/12 H:0/12 O:-/5 View: [H v [291]
wiz win MO HO M8 H7 H6 HS HA H3 H2 W
H Hybrid 10.62 7.84 7.46 6.93 6.87 6.36 6.16 5.84 4.58 4.49
i ok S | A

3 [ppm]

Figure 6. Test compound 15. Zoomed-in 'H spectrum with picked chemical shift ranges, peak
integrals and the corresponding values in the summary panel (column).
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Slic
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The HSQC spectrum contains multiplicity-sensitive information (Figure 7). The sum-
mary table was filled up with “S+” (single bond, positive peak intensity) or “S-” (single
bond, negative peak intensity) during the peak zones picking. Based on this, the system
pre-sets the number of attached protons to the matching heavy atom. For positive it will be
“1,3” (one or three), which has to be set to one of those values by the user, and for negative
the value of 2. In total, 9 signals were picked, two of which belong to the diastereotopic
proton pair bound to carbon C8. A proton signal (H10) was left unassigned. The multiplic-
ity of all carbons correlating to a positive HSQC signal was set to 1 since no integration
value with close to 3 exists in the 'H spectrum.

Spectra CASE ?

Default workspace @ 4 [™

Spectra

Information
“ N “ Zones
Summary
Y A= C:12/12 H: 1112 O: -5 View: (H v) 1271
|- 60
‘.!! H10 H9 H8 H7 H6 H5 H4 H3 H2 H1
5= Atom & (ppm) Equiv #H Hybrid | 1062 7.83 7.45 6.92 6.85 6.37 6.15 5.81 4.56 4.46
t-70 2 2
[o4] 62.79 2 S-
e C2 6425 2 s-
c3 11319 0
[ 90
c4  118.34 1 S+
L 100 Cs 119.88 1 S+
c6 12919 1 S+
[ue c7 13079 1 S+
cg 13128 2 G S-
120
co 13665 1 S+
= - - pm L 130 Cc10 162.98 0
¢ 166.01 0
2
[ 140 c12 17080 0
T T T T T T T
8 75 6.5 6 55 5 4.5 o1
3 [ppm]
02

Figure 7. Test compound 15. Multiplicity-edited 1H,13C HSQC spectrum with indications in the
summary table by S+/- and the assigned number of attached protons for carbons.

The HMBC spectrum and correlated chemical shifts are shown in Figure 8. The “M”
in the summary table symbolises the multiple bond correlations established from HMBC
signals. In addition, Figure 9 shows the signals in the COSY spectrum.

H10 is still unassigned. Due to the absence of any other heavy atom where it could bind
to, this proton can only be bound to one of the oxygens (O1 in this case). This was assigned
by a right-click on the corresponding cell (Figure 10). The colour for the displayed number
of assigned protons in the panel header changed to green, thus meaning that all hydrogen
atoms were bound to a heavy atom. Note that H10 also presents HMBC correlations.

Subsequently, the CASE tab was selected to switch to CASE-related overviews and
settings. In the query panel on the right side, the Elucidation tab is selected. Clicking
the Detect button (red framed in Figure 11) started the analysis routines. The results are
visible on the left side of the CASE tab. The output of the hybridization or neighbourhood
detection is shown in the non-neighbour and neighbour columns in the summary table. In
the case of atom C3 (113.19 ppm), two hybridizations state proposals were present while
this information was unambiguous for the others. That means the frequency rate of these
two hybridizations was at least 1% among all occurrences for this requested signal position,
multiplicity and proposed MF. The spectral characteristics of atoms C1 (62.79 ppm) and
C2 (64.25 ppm) lead to the statistics-based assumption of having at least one carbon and
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oxygen as neighbours. In addition, oxygen is considered a forbidden neighbour for C4 to
C8 (118.34 to 131.28 ppm).

JASHERLOCK ?

Defaultworkspace @ & [

Q Spectra
Information
r
A l I ' I Zones
! Summary
Si Y&= C:12/12 H: 1112 0:-/5 View: (H v [27]
IC
e HI0 H9 H8 H7 H6 H5 H4 H3 H2 HI
_ﬁ ] [ ] Atom & (ppm) Equiv #H Hybrid | 10.61 7.83 7.45 6.92 6.85 6.37 615 5.81 4.56 4.46
2 2
B R 8 ”i
[ c1 6279 2! s-
c2 6425 9) s-
] » 1% c3 11319 0 M MM
8 c4  118.34 1 M S+ M
k140 c5  119.88 1 M S+
c6 12919 1 S+
L 1s0 c7 13079 1 St M
c8 13128 2 s- s-
Lo c9 136565 1 M S+
8 g 8 clo 16298 0 M MM
L] L]
c11  166.01 0 M M
H 170
c12  170.80 0 M
T T T T T T
1 10 9 8 7 [ o1
3 ppm]
02

Figure 8. Test compound 15. 'H,'*C HMBC spectrum and the 14 displayed signals reported in the
summary table as “M”.
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Q Spectra
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. Lo A l
B Summary
si Y &= C:12/12 H: 1112 0:-/5 View: (H-H v [27]
ic Fa S
H10 H9 H8 H7 He H5 H4 H3 H2 H1
5 Atom & (ppm) Equiv #H Hybrid [ 1061 7.83 7.45 6.92 6.85 6.37 6.15 581 4.56 4.46
——) 45 2 2
—
E
H1 4.48 2
ks
H2 456 2
F55
H3 5.81 M
F6
e
H4 6.15 M M
—_— ¥
k65
‘ J H5 6.37 M
A il
= ] r L7
H6 6.85 M
] |
[ [ k75
H7 6.92 M
- ! |
8
H8 7.45 M
- - - T . - - T : - Fos Ho 783 M
85 8 75 7 65 6 55 5 45 4
5 [ppm]
H10 10.61

Figure 9. Test compound 15. 'H,'H COSY spectrum with four entries in the summary table.
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Figure 10. Test compound 15. Assignment of H10 to one of a hydroxyl group. A right click in the cell

framed in red and related to row O1 and column H10 opens a context menu to select from.
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Figure 11. Test compound 15. CASE tab with an overview of correlations, detected hybridizations
and neighbourhood constraints on the left. The Query and Elucidation tab is on the right. The button
for the detection routine is framed in red.

The Elucidation button (at the bottom of the Elucidation tab, not visible here) started
the structure generation process which in this case completed in about one second. Four
structures were suggested (Figure 12), with the expected one at the first place in the list.
The chemical shifts of all carbons were predicted and the average deviation to experimental
values was about 0.63 ppm.
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Figure 12. Test compound 15. CASE tab with the Result tab on the right showing the list of results,
the metadata of the elucidation process, and a list of actions, such as the download of the result in an
SDF file or the change of image size.

No prior knowledge or user influence, such as a manually added or imported fragment,
was used in this example, showing that no change of the CASE settings was needed to produce
the correct structure. Additionally, the expected structure appeared at the first place in the
ranking list. To further narrow down the number of results the fragment search was carried
out and the most likely fragment selected for inclusion in the solution structures. Starting the
elucidation again left only one candidate in the result list (Figure 13). Thus, the most likely
fragment was successfully incorporated in the unambiguous solution of test case 15.
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Figure 13. Test compound 15. CASE tab with the detected fragments (first one is selected) on the
bottom left and the Result tab on the right containing the expected molecule only.
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3. Methods

The Sherlock CASE software consists of two parts, a frontend and a backend (Figure 14).
The frontend acts as a graphical user interface (GUI). It serves for spectra and structure
visualisation and for the adjustment of parameters related to NMR data processing and to
CASE tasks. The backend runs services that enable database lookup for the identification
of known compounds (dereplication) and for the proposal of structural constraints and
molecular fragments useful to narrow the chemical search space during elucidation. Tools
for 13C NMR chemical shift prediction as well as solution structure filtering and ranking
complete the set of functions present in CASE programs [2,8]. In addition, the backend also
manages the storage and retrieval of previously obtained elucidation results.

ASHERLOCK

Frontend Backend
Spectra Panel Dereplication” Detection’

¢ Visualisation « Using a structure-and- . Hypridizations )

* Processing spectrum knowledge base o Nelghborhood constraints

« Correlation data « Possible fragments Structural
proposals

CASE Panel ¢ Structure Generation Storage & Retrieval —lly
« Overviews of « Including all constraints « Deposition of previously
o Correlation data solved problems

o Structural restrictions
o MCD / Fragments
« Dereplication Filter & Ranking"
* Elucidation
+ Result retrieval

. an. )
« Based on spectral similarity using==C Information

Figure 14. Workflow of the Sherlock software.

Sherlock assumes that 1D and 2D NMR data and the molecular formula of a pure
compound are provided as input. In the end, it returns a list of ranked candidate structures
that satisfy the constraints expressed by input data.

3.1. Structure-and-Spectrum Database Design

Sherlock offers several CASE-related services which rely on its own knowledge base
of structure and spectrum assignments [7,8,16,20]. This knowledge base is involved in the
dereplication from a list of 13C NMR chemical shifts and is used for the construction of a
molecular fragments library. The calculation of the probability for a given chemical shift to
be related to a particular structural feature, as used for constrained structure generation,
also depends on Sherlock’s internal database.

The knowledge base consists of 892.841 records. Each record contains the full de-
scription of a molecular structure as a collection of atoms and bonds. Each 3C NMR
chemical shift value is associated with a multiplicity (the number of attached protons) and
an equivalence index. This index indicates the number of chemically equivalent carbon
atoms existing in a molecule for a given chemical shift.

Each newly inserted spectrum is checked during database construction for the ex-
istence of signals with the same chemical shift and multiplicity. If identity occurs, then
the equivalence descriptor of the concerned atoms is set to the number of such signals.
Consequently, the sum of all equivalence indexes of a spectrum is equal to the number of
carbons in the currently inserted molecule.

Figure 15 and Table 2 contain an example where the equivalence index of two signals
from a monosubstituted aromatic ring is different from 1. Atoms 6 and 7 as well as 9 and
10 are assigned to a single 3C NMR signal in each case.
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9

Figure 15. N-Phenylpropanamide (test case 2) with atom numbering.

Table 2. Carbon atoms in N-Phenylpropanamide (test case 2) and their assigned spectral properties.

Atom 13C Signal
Index Chemical Shift (ppm) Equivalence Number of Protons
3 137.9 1 0
4 30.8 1 2
5 172.2 1 0
6,7 119.8 2 1
8 9.89 1 3
9,10 129.0 2 1
11 124.2 1 1

Each '3C spectrum entry in NMRShiftDB [21] was stored in the format presented
in Figure 15 and Table 2 to build the reference database. In total 27.938 experimental
and predicted spectra were extracted. In addition, the chemical shift verification tool in
Advanced Chemistry Development, Inc. (ACD Labs) C+H Predictors and DB software was
used to predict the 3C spectra of all molecules (864.903) in the natural product database
COCONUT [22]. These structures and spectra were subsequently inserted into Sherlock’s
knowledge base.

3.2. Frontend
3.2.1. Spectra Tab

The NMR spectra are displayed and analysed in Sherlock’s frontend by means of the
open-source NMR software component NMRium [23]. Spectrum analysis in this context
consists of extracting the position of spectral peaks in 1D and 2D spectra in order to establish
lists of chemical shift values and of coupling-mediated correlations between them. The
full description of the 13C query spectrum (Table 2) is the minimum requirement for the
dereplication. In the case of an elucidation procedure, a molecular formula is mandatory.
The standard proton (*H) spectrum is recommended to enhance the upcoming analysis. The
multiplicity of the 3C NMR signals can be deduced automatically from the complementary
DEPT-90 and DEPT-135 spectra. The 'H,X-HMQC/HSQC, 'H,X-HMBC, (X = 13C or, less
frequently, 15N), and 1H,1H-COSY spectra constitute the minimum set of 2D NMR data
necessary for automatic structure generation. The recording of multiplicity-edited 2D
HSQC (me-HSQC) spectra constitutes a good alternative to the time-consuming acquisition
of DEPT spectra. Moreover, 13C signal multiplicity can be automatically deduced from
me-HSQC spectra.

The analysis of 1D and 2D NMR spectra results in a correlation table (Figure 16). The
frontend allows the user to check the validity of spectrum analysis results and to edit it
if incorrect data interpretation occurs, before submission to the backend algorithms for
dereplication and structure generation.
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Figure 16. Spectra tab with the NMRium component showing superimposed HMQC (in background)
and HMBC (in foreground) spectra of test case 32 (aspirin) on the left panel and the summary of the
correlations across all 1D and 2D spectra on the right panel.

3.2.2. CASE Tab

Figure 17 shows the available control panels in the CASE tab which assist the user
in the elaboration of a spectral data summary and the representation of the molecular
connectivity diagram (MCD) [1,8,20,24] derived from 2D NMR correlations. Figure 17
also shows which neighbourhood restrictions for carbons or fragments were automatically
detected (Sections 3.3.2 and 3.3.3) or were manually added by the user. The display
component on the right of Figure 17 shows a control panel that allows the user to set
specific parameter values needed for dereplication and elucidation. After one of these two
tasks is completed the view switches to the result panel which shows the ranked candidate
list. Meta information is provided close to structure drawings, in order to help the user to
assess the result. Each list of candidate structures produced by an elucidation procedure is
stored in Sherlock’s backend and is retrievable at any time.

Further details on how to operate the Sherlock system can be found in the user manual
which is embedded in the GUI and thus directly readable in the frontend on the Info tab.
The user manual is available in the frontend repository (Section 5.1) as well.

3.3. Backend
3.3.1. Dereplication

Sherlock supports structural search dereplication, a lookup into a structure-to-spectrum
database that prevents any re-elucidation of an already known chemical compound or to
retrieve very similar ones [2,4,6-8,25]. A structure-to-spectrum knowledge base is necessary
for this purpose (see above). The user can select parameters that influence the database
screening and the filtering of the result list, such as the tolerance value or maximum allowed
average deviation during the chemical shift matching between a '3C NMR query spectrum
and the ones stored in the database.
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Figure 17. CASE tab with different overviews and the result for Ethyl cinnamate (test case 7).

Spectrum comparison relies on a distance calculated for all valid signal pairs. A signal
pair is considered valid if the chemical shift matching is successful. Complementary criteria
take into account signal multiplicity or equivalence and can be enabled or disabled.

The closest valid signal pairs are then taken into account for the spectrum-to-spectrum
matching. Depending on the number of signals which can be assigned, some of them may
be left unpaired because they have no matching counterpart in the other spectrum. Only
the matching signal pairs are considered for distance measurement between spectra.

3.3.2. Fragment Library

A list of fragments which should be present in each solution, or goodlist [26,27], can be
forwarded to Sherlock. Such substructural information can dramatically shrink the number
of possible constitutional isomers after structure generation. Moreover, providing fragments
helps to cope with the lack of atom proximity knowledge in problems where proton-poor
parts of a molecule exist and thus for which important structural information is unreachable
by commonly used heteronuclear 2D NMR experiments HSQC and HMBC. Therefore,
fragment data can lead to a noticeable reduction of the candidate list size or give hints to the
user who might add complementary structural restrictions manually. [4,5,7,8,24,28]

In order to build a fragment library all entries in the structure-and-spectrum database
were used for the fragmentation. Every fragment was created by spherical propagation
following the instruction by Elyashberg et al. [8]. Starting at an atom in a molecule, specific
conditions preserve connections between heavy atoms are applied to keep important
substructural characteristics, such as no bond removal between carbons and hetero atoms
or within a ring system if one of the atoms is a starting point [8]. The fragment library
consists of around 24.5 million records. Each has a bit string representation to indicate
whether a given chemical shift in the assigned subspectrum exists [7,8,28,29]. The database
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is screened via a bit string comparison during a fragment search where all set bits of a
fragment have to be present in the query bitset. Afterwards, every fragment is ranked first
by its number of heavy atoms and second by the same spectral matching procedure which
is applied during the dereplication (Section 3.3.1).

3.3.3. Statistics-Driven Generation of Structural Constraints

The elucidation process is further supported by the statistical analysis of the structure
and spectra database for the determination of complementary structural restrictions. Sher-
lock is able to detect the likely hybridization states of atoms as well as their forbidden and
mandatory atom neighbourhoods.

The previously collected spectral database was used to count what hybridizations or
connected atoms for a carbon atom appear. This information is coupled to a tuple consisting
of 13C chemical shift value, multiplicity and the elemental composition (MF) of a molecule
so that for every 13C signal in a query spectrum the probability of each hybridization state
and of neighbouring atom type can be extracted.

A chemical shift value, a multiplicity and a molecular formula need to be provided
in order to request statistical information about hybridization states. In addition, a lower
boundary (in percent) is expected to define a minimum occurrence rate for each detected
hybridization state compared to all hybridizations stored for a given shift range in the
underlying database. If the frequency of a specific hybridization does not reach that given
threshold (1% by default), then it will be discarded.

Similar to the hybridization search, a minimum occurrence (1% by default) of a
neighbour atom type is required. Otherwise, such an atom type will be treated as non-
neighbor (forbidden) for the carbon atom(s) bearing that '3C request signal. If an atom type
appears more or equally often compared to the upper boundary (95% by default) it will be
considered as a mandatory neighbour. All elements with an occurrence between those two
boundaries might or might not be neighbours of an atom during the structure generation.

Sherlock also checks the frequencies of connections between hetero atoms for a given
ME. If the amount of such connections reaches a minimal occurrence of 1% among all
connections, then hetero-hetero bonds (HHB) are allowed during structure generation.

3.3.4. Structure Generation

PyLSD [12,30], a free and open-source powerful software for CASE, takes charge of
the structure generation task in the Sherlock backend. It relies on the LSD [11,31] structure
elucidation software and provides the ability to deal with atoms with incompletely defined
multiplicity or hybridization state. User-defined and automatically detected constraints are
passed to pyLSD. Its built-in mechanism of solution ranking was disabled in Sherlock and
replaced by a more recent tool (Section 3.3.5).

3.3.5. Spectra Prediction and Ranking

PyLSD-generated candidate structures are ranked according to the similarity of pre-
dicted and measured spectra. Prediction relies on a HOSE code-based [32] approach
commonly used in CASE systems [2,4,7,8,12,21]. The prediction tool in Sherlock makes use
of stereo-enhanced HOSE codes [18].

The number of spheres involved in the creation of the HOSE code library ranges from one
to six. During spectra prediction, the HOSE code for the highest number of spheres is created
first. If there is no matching entry in the knowledge base, the number of spheres is decreased
until matching becomes possible or the number of spheres reaches zero. In the latter case, the
prediction for the carbon atom is not possible since no values for a prediction exist. [21]

During the prediction, the number of HOSE code spheres in use, the number of entries
as well as chemical shift range are stored to enable a posteriori quality assessment. The
final step of the structure elucidation process is to rank the candidate list according to the
spectral similarity between the predicted spectra and the experimental one [20].
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The result (limited to 500 structures) and the CASE-related settings are stored in
Sherlock’s backend service to be retrieved at any time.

4. Conclusions

An unambiguous interpretation of NMR data can be challenging, due to the many
combinatorial possibilities that arise in constitutional space. To address this problem and
to support organic chemists in structure determination tasks we introduced Sherlock, a free
and open-source software for computer-assisted structure elucidation (CASE). Sherlock’s
functionality covers the common steps of structure determination.

It provides the processing and visualisation of NMR data produced in common NMR
file formats (Bruker, JEOL, JCAMP-DX). Here, the range of functionality extends from data
processing to automatic peak picking up to a summary of all correlations between the
different 1D and 2D spectra.

Furthermore, a given molecular formula and the correlation information are used
for the dereplication through a spectral knowledge base or the de novo elucidation of an
unknown compound. The latter includes a lookup for structural constraints for carbon
atoms derived by different statistics or fragment search which serve as input for the
structure generator and make it possible to further reduce the set of solutions significantly.

Finally, the user receives a list of structure proposals ranked according to the similarity
of each predicted spectrum to the experimental one. The results are stored in the system
and can be retrieved at any time. The system is able to handle and solve most of the 45
problems used for validation, even with a heavy atom number up to forty.

5. Implementation, Software and Test Data
5.1. Implementation

The frontend and backend are fully separated software pieces and exchange data only.
Hence, they work independently from each other, a feature which enables the general
replacement of one of these two components if desired.

Frontend and backend are available from the internet as Docker containers and can
either be run locally or deployed on any cloud system that supports Docker. No login
functionality is implemented so far. In a publicly accessible server-based solution, any user
can access the results and data of others, even on an offline computer with multiple users. A
login feature will be implemented in the future to provide data confidentiality to the users.

The backend system supports the storage of atom environments and NMR chemical
shift values in the knowledge base (Section 3.1) for a wide range of nuclei types, including
'H or N. Nevertheless, the presently implemented knowledge base contains '3C informa-
tion only and hence dereplication (Section 3.3.1), spectrum prediction and solution ranking
(Section 3.3.5) rely solely on '*C NMR. The incorporation of NMR data of other nuclei types
(e.g., 'H, 1°N) and software developments will be necessary to expand the scope of these
operations. Consequently, the CASE tab in the frontend will be extended in future works to
enable for multiple spectrum-to-spectrum comparisons and the display of their results.

The project descriptions and installation guides are available under https://github.
com/michaelwenk/sherlock-frontend (frontend, accessed on 22 November 2022) and
https:/ / github.com/michaelwenk/sherlock (backend, accessed on 22 November 2022).

The backend system uses CASEKkit (https:/ /github.com/michaelwenk/casekit, ac-
cessed on 22 November 2022), a computational library for computer-assisted structure
elucidation which is based on Java and the Chemistry Development Kit [33,34].

5.2. Software and Test Data

For the processing and results presented in this manuscript, the Digital Object Identi-
fiers (DOI) to the free accessible archived software and complete test data, including the
NMRium files used for the CASE purposes, are given in Tables 3 and 4. The aim is to follow
the idea of Research Objects [35] and FAIR data [36] principles. The structures of the test
datasets are provided in the supplementary materials.


https://github.com/michaelwenk/sherlock-frontend
https://github.com/michaelwenk/sherlock-frontend
https://github.com/michaelwenk/sherlock
https://github.com/michaelwenk/casekit

Molecules 2023, 28, 1448 24 of 27

Table 3. Overview and DOIs belonging to software archives used in frontend and backend services

of Sherlock.
Description DOI
Frontend (source code, v1.0.4) https:/ /doi.org/10.5281/zenodo.7032805
Frontend (Docker image, v1.0.4) https://doi.org/10.5281/zenodo.7032810
Backend (source code, v1.1.0) https:/ /doi.org/10.5281/zenodo.7037546
Backend (Docker images, v1.1.1) https://doi.org/10.5281/zenodo.7115924
CASEXKkit (source code, v1.0.1) https://doi.org/10.5281/zenodo.7115819

Table 4. Overview and DOIs to datasets applied for validation of Sherlock.

Test Case DOI

1 https:/ /doi.org/10.57992 /NMRXIV.P10.569
2 https:/ /doi.org/10.57992 /NMRXIV.P10.562
3 https:/ /doi.org/10.57992/NMRXIV.P10.561
4 https:/ /doi.org/10.57992 /NMRXIV.P10.560
5 https:/ /doi.org/10.57992 /NMRXIV.P10.S55
6 https:/ /doi.org/10.57992/NMRXIV.P12.579
7 https:/ /doi.org/10.57992 /NMRXIV.P12.575
8 https:/ /doi.org/10.57992/NMRXIV.P12.576
9 https:/ /doi.org/10.57992/NMRXIV.P12.574
10 https:/ /doi.org/10.57992 /NMRXIV.P12.573
11 https://dOi.Org/10‘57992/NMRXIV.P12.S77
12 https:/ /doi.org/10.57992 /NMRXIV.P12.578
13 https:/ /doi.org/10.57992 /NMRXIV.P9.553
14 https://doi.org/10.57992 /NMRXIV.P9.552
15 https:/ /doi.org/10.57992 /NMRXIV.P9.554
16 https:/ /doi.org/10.57992/NMRXIV.P9.551
17 https://doi.org/10.57992 /NMRXIV.P9.550
18 https:/ /doi.org/10.57992 /NMRXIV.P8.548
19 https:/ /doi.org/10.57992 /NMRXIV.P8.547
20 https://doi.org/10.57992 /NMRXIV.P6.542
21 https:/ /doi.org/10.57992/NMRXIV.P6.541
22 https:/ /doi.org/10.57992/NMRXIV.P11.572
23 https://doi.org/10.57992 /NMRXIV.P11.571
24 https:/ /doi.org/10.57992 /NMRXIV.P7.546
25 https:/ /doi.org/10.57992 /NMRXIV.P5.538
26 https://doi.org/10.57992 /NMRXIV.P1.52
27 https:/ /doi.org/10.57992/NMRXIV.P1.51
28 https:/ /doi.org/10.57992 /NMRXIV.P10.S57
29 https:/ /doi.org/10.57992 /NMRXIV.P10.568
30 https:/ /doi.org/10.57992 /NMRXIV.P10.567
31 https://doi.org/10.57992 /NMRXIV.P4.537
32 https:/ /doi.org/10.57992 /NMRXIV.P10.S56
33 https:/ /doi.org/10.57992 /NMRXIV.P10.558
34 https:/ /doi.org/10.57992 /NMRXIV.P10.563
35 https:/ /doi.org/10.57992 /NMRXIV.P10.559
36 https:/ /doi.org/10.57992 /NMRXIV.P10.570
37 https:/ /doi.org/10.57992 /NMRXIV.P10.565
38 https:/ /doi.org/10.57992 /NMRXIV.P10.566
39 https:/ /doi.org/10.57992 /NMRXIV.P10.564
40 https://doi.org/10.57992 /NMRXIV.P9.549
41 https://doi.org/10.57992 /NMRXIV.P6.544
42 https:/ /doi.org/10.57992 /NMRXIV.P6.545
43 https://doi.org/10.57992 /NMRXIV.P6.543
44 https://doi.org/10.57992 /NMRXIV.P5.540

45 https:/ /doi.org/10.57992 /NMRXIV.P5.539
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As mentioned in the introduction and to the best of our knowledge, there is no other
free and open-source CASE tool with a similar set of both spectral processing and CASE-
related functionalities. Hence, a fair and comprehensive comparison between Sherlock and
those CASE tools is not possible due to their commercial nature.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules28031448/s1, The forty-five structures of the test dataset
are available as SMILES.

Author Contributions: Conceptualization, M.W. and C.S.; methodology, M.W. and ]J.-M.N. and C.S,;
software, M.W.; writing—original draft preparation, M.W.; writing—review and editing, ].-M.N. and
C.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Carl-Zeiss-Foundation.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Software and the test dataset is freely available (see Section 5.2).

Acknowledgments: M.W. and C.S. acknowledge funding by the Carl-Zeiss-Foundation. We are very
grateful to the following people for providing us NMR data for test and validation purposes: Nils
Schlorer, Friedrich-Schiller-Universitit Jena, Germany. Johannes Liermann, Johannes-Gutenberg-
Universitit Mainz, Germany. Huijuan Guo & Christine Beemelmanns, Leibniz-Institut fiir Naturstoff-
Forschung und Infektionsbiologie Jena, Germany. Sarah Nies, Leibniz-Institut fiir Naturstoff-
Forschung und Infektionsbiologie Jena, Germany. Luc Patiny, Ecole Polytechnique Fédérale de
Lausanne, Switzerland. Sebastian Kemper, Technische Universitit Berlin, Germany. Torsten Schaller,
Universitdt Duisburg-Essen; Germany. Furthermore, we thank the NMRium and nmrXiv team for
the collaboration and technical support.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

NMR Nuclear Magnetic Resonance

CASE Computer-Assisted Structure Elucidation
MS Mass Spectrometry

GUI Graphical User Interface

MF Molecular Formula

ppm Parts Per Million

MCD Molecular Connectivity Diagram

NN Non-Neighbor (forbidden)

SN Set Neighbour (mandatory)

HYBR Hybridization

HHB Hetero-Hetero Bond

DEV Allowed Deviation (tolerance)

AVGDEV  Allowed Average Deviation

RMSD Root-Mean-Square Deviation

HSQC Heteronuclear Single Quantum Coherence
me-HSQC  Multiplicity-edited HSQC

HMBC Heteronuclear Multiple Bond Correlation
COSsY Correlated Spectroscopy

DEPT Distortionless Enhancement by Polarisation Transfer
THF Tetrahydrofuran

DOI Digital Object Identifier

1. Elyashberg, M. Identification and structure elucidation by NMR spectroscopy. TrAC Trends Anal. Chem. 2015, 69, 88-97. [CrossRef]
2. Elyashberg, M.; Argyropoulos, D. Computer Assisted Structure Elucidation (CASE): Current and future perspectives. Magn.
Reson. Chem. 2021, 59, 669-690. [CrossRef]


https://www.mdpi.com/article/10.3390/molecules28031448/s1
https://www.mdpi.com/article/10.3390/molecules28031448/s1
http://doi.org/10.1016/j.trac.2015.02.014
http://doi.org/10.1002/mrc.5115

Molecules 2023, 28, 1448 26 of 27

10.

11.
12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.
32.

Steinbeck, C. LUCY—A Program for Structure Elucidation from NMR Correlation Experiments. Angew. Chem. Int. Ed. Engl. 1996,
35,1984-1986. [CrossRef]

Burns, D.C.; Mazzola, E.P,; Reynolds, W.E. The role of computer-assisted structure elucidation (CASE) programs in the structure
elucidation of complex natural products. Nat. Prod. Rep. 2019, 36, 919-933. [CrossRef]

Elyashberg, M.; Williams, A. ACD/Structure Elucidator: 20 Years in the History of Development. Molecules 2021, 26, 6623.
[CrossRef]

Steinbeck, C. Recent developments in automated structure elucidation of natural products. Nat. Prod. Rep. 2004, 21, 512-518.
[CrossRef]

Steinbeck, C. Computer-Assisted Structure Elucidation. In Handbook of Chemoinformatics; Gasteiger, J., Ed.; Wiley-VCH: Weinheim,
Germany, 2003; Volume 3, pp. 1378-1406. [CrossRef]

Elyashberg, M.E.; Williams, A.; Blinov, K. Contemporary Computer-Assisted Approaches to Molecular Structure Elucidation; Royal
Society of Chemistry: London, UK, 2015; Available online: https://play.google.com/store/books/details?id=fmsoDwAAQBA]
(accessed on 30 September 2022).

Lindel, T.; Junker, J.; Kéck, M. 2D-NMR-guided constitutional analysis of organic compounds employing the computer program
COCON. Eur. J. Org. Chem. 1999, 1999, 573-577. [CrossRef]

Steinbeck, C. SENECA: A platform-independent, distributed, and parallel system for computer-assisted structure elucidation in
organic chemistry. J. Chem. Inf. Comput. Sci. 2001, 41, 1500-1507. [CrossRef] [PubMed]

Nuzillard, J.-M.; Georges, M. Logic for structure determination. Tetrahedron 1991, 47, 3655-3664. [CrossRef]

Plainchont, B.; de Paulo Emerenciano, V.; Nuzillard, J.-M. Recent advances in the structure elucidation of small organic molecules
by the LSD software. Magn. Reson. Chem. 2013, 51, 447-453. [CrossRef]

Pesek, M.; Juvan, A.; Jakos, J.; Kosmrlj, J.; Marolt, M.; Gazvoda, M. Database Independent Automated Structure Elucidation of
Organic Molecules Based on IR, ITH NMR, 13C NMR, and MS Data. . Chem. Inf. Model. 2021, 61, 756-763. [CrossRef] [PubMed]
Mnova, v14.3.0, Mestrelab: Santiago de Compostela, Spain. 2016. Available online: https://mestrelab.com/software/mnova/
(accessed on 30 September 2022).

Kessler, P.; Godejohann, M. Identification of tentative marker in Corvina and Primitivo wines with CMC-se. Magn. Reson. Chem.
2018, 56, 480-492. [CrossRef]

Elyashberg, M.E.; Blinov, K.A.; Martirosian, E.R. A new approach to computer-aided molecular structure elucidation: The expert
system Structure Elucidator. Lab. Autom. Inf. Manage. 1999, 34, 15-30. [CrossRef]

Structure Elucidator Suite—ACD/Labs; v2022; ACD/Labs: Toronto, ON, Canada, 2021; Available online: https://www.acdlabs.
com/products/spectrus-platform/structure-elucidator-suite/ (accessed on 30 September 2022).

Kuhn, S.; Johnson, S.R. Stereo-Aware Extension of HOSE Codes. ACS Omega. 2019, 4, 7323-7329. [CrossRef]

Schiitz, V.; Purtuc, V.; Felsinger, S.; Robien, W. CSEARCH-STEREO: A new generation of NMR database systems allowing
three-dimensional spectrum prediction. Fresenius J. Anal. Chem. 1997, 359, 33—41. [CrossRef]

Blinov, K.A.; Elyashberg, M.E.; Molodtsov, S.G.; Williams, A.J.; Martirosian, E.R. An expert system for automated structure
elucidation utilizing 1H-1H, 13C-1H and >N-1H 2D NMR correlations. Fresenius J. Anal. Chem. 2001, 369, 709-714. [CrossRef]
Steinbeck, C.; Krause, S.; Kuhn, S. NMRShiftDB-constructing a free chemical information system with open-source components. J.
Chem. Inf. Comput. Sci. 2003, 43, 1733-1739. [CrossRef] [PubMed]

Sorokina, M.; Merseburger, P.; Rajan, K.; Yirik, M.A.; Steinbeck, C. COCONUT online: Collection of Open Natural Products
database. J. Cheminform. 2021, 13, 2. [CrossRef]

Patiny, L.; Musallam, H.; Zasso, M.; Bolafios, A.; Kostro, D.; Wenk, M.; Ahkrin, S.; Jeannerat, D.; Ziegler, E.; Liermann, J.; et al.
NMRium, v0.33.0. React]S component to display and process NMR spectra. Zenodo, 2022. [CrossRef]

Molodtsov, S.G.; Elyashberg, M.E.; Blinov, K.A.; Williams, A.J.; Martirosian, E.E.; Martin, G.E.; Lefebvre, B. Structure elucidation
from 2D NMR spectra using the StrucEluc expert system: Detection and removal of contradictions in the data. J. Chem. Inf.
Comput. Sci. 2004, 44, 1737-1751. [CrossRef]

Hubert, J.; Nuzillard, J.-M.; Renault, J.-H. Dereplication strategies in natural product research: How many tools and methodologies
behind the same concept? Phytochem. Rev. 2017, 16, 55-95. [CrossRef]

Schroll, G.; Duffield, A.M.; Djerassi, C.; Buchanan, B.G.; Sutherland, G.L.; Feigenbaum, E.A.; Lederberg, J. Applications of artificial
intelligence for chemical inference, L.LI. Aliphatic ethers diagnosed by their low-resolution mass spectra and nuclear magnetic
resonance data. J. Am. Chem. Soc. 1969, 91, 7440-7445. [CrossRef]

Sutherland, G. Stanford Artificial Intelligence Laboratory. Dendral—A Computer Program for Generating and Filtering Chemical Structures;
Computer Science Department, Stanford University: Stanford, CA, USA, 1967.

Munk, M.E. Computer-based structure determination: Then and now. J. Chem. Inf. Comput. Sci. 1998, 38, 997-1009. [CrossRef]
Will, M.; Fachinger, W.; Richert, J.R. Fully automated structure Elucidation—A spectroscopist’s dream comes true. J. Chem. Inf.
Comput. Sci. 1996, 36, 221-227. [CrossRef]

Nuzillard, ].-M. The PyLSD Software. Version Alpha-7. Available online: https://nuzillard.github.io/PyLSD/ (accessed on 30
September 2022).

Nuzillard, J.-M. The LSD Software. v3.5.2. Available online: https://nuzillard.github.io/LSD/ (accessed on 30 September 2022).
Bremser, W. Hose—A novel substructure code. Anal. Chim. Acta. 1978, 103, 355-365. [CrossRef]


http://doi.org/10.1002/anie.199619841
http://doi.org/10.1039/C9NP00007K
http://doi.org/10.3390/molecules26216623
http://doi.org/10.1039/b400678j
http://doi.org/10.1002/9783527618279.ch43a
https://play.google.com/store/books/details?id=fmsoDwAAQBAJ
http://doi.org/10.1002/(SICI)1099-0690(199903)1999:3&lt;573::AID-EJOC573&gt;3.0.CO;2-N
http://doi.org/10.1021/ci000407n
http://www.ncbi.nlm.nih.gov/pubmed/11749575
http://doi.org/10.1016/S0040-4020(01)80878-4
http://doi.org/10.1002/mrc.3965
http://doi.org/10.1021/acs.jcim.0c01332
http://www.ncbi.nlm.nih.gov/pubmed/33378192
https://mestrelab.com/software/mnova/
http://doi.org/10.1002/mrc.4712
http://doi.org/10.1016/S1381-141X(99)00002-7
https://www.acdlabs.com/products/spectrus-platform/structure-elucidator-suite/
https://www.acdlabs.com/products/spectrus-platform/structure-elucidator-suite/
http://doi.org/10.1021/acsomega.9b00488
http://doi.org/10.1007/s002160050531
http://doi.org/10.1007/s002160100757
http://doi.org/10.1021/ci0341363
http://www.ncbi.nlm.nih.gov/pubmed/14632418
http://doi.org/10.1186/s13321-020-00478-9
http://doi.org/10.5281/zenodo.7258284
http://doi.org/10.1021/ci049956+
http://doi.org/10.1007/s11101-015-9448-7
http://doi.org/10.1021/ja01054a036
http://doi.org/10.1021/ci980083r
http://doi.org/10.1021/ci950092p
https://nuzillard.github.io/PyLSD/
https://nuzillard.github.io/LSD/
http://doi.org/10.1016/S0003-2670(01)83100-7

Molecules 2023, 28, 1448 27 of 27

33. Steinbeck, C.; Han, Y.; Kuhn, S.; Horlacher, O.; Luttmann, E.; Willighagen, E. The Chemistry Development Kit (CDK): An
open-source Java library for Chemo- and Bioinformatics. J. Chem. Inf. Comput. Sci. 2003, 43, 493-500. [CrossRef]

34. Willighagen, E.L.; Mayfield, ] W.; Alvarsson, J.; Berg, A.; Carlsson, L.; Jeliazkova, N.; Kuhn, S.; Pluskal, T.; Rojas-Cherto, M.;
Spjuth, O.; et al. The Chemistry Development Kit (CDK) v2.0: Atom typing, depiction, molecular formulas, and substructure
searching. J. Cheminform. 2017, 9, 33. [CrossRef] [PubMed]

35. Bechhofer, S.; Buchan, I.; De Roure, D.; Missier, P.; Ainsworth, J.; Bhagat, J.; Couch, P,; Cruickshank, D.; Delderfield, M.; Dunlop,
I; et al. Why linked data is not enough for scientists. Future Gener Comput. Syst. 2013, 29, 599-611. [CrossRef]

36. Wilkinson, M.D.; Dumontier, M.; Jan Aalbersberg, I.; Appleton, G.; Axton, M.; Baak, A.; Blomberg, N.; Boiten, J.-W.; da Silva Santos,
L.B.; Bourne, P.E,; et al. The FAIR Guiding Principles for scientific data management and stewardship. Sci. Data 2016, 3, 160018.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1021/ci025584y
http://doi.org/10.1186/s13321-017-0220-4
http://www.ncbi.nlm.nih.gov/pubmed/29086040
http://doi.org/10.1016/j.future.2011.08.004
http://doi.org/10.1038/sdata.2016.18

	Introduction 
	Results and Discussion 
	The Test Dataset 
	Test Case 15 

	Methods 
	Structure-and-Spectrum Database Design 
	Frontend 
	Spectra Tab 
	CASE Tab 

	Backend 
	Dereplication 
	Fragment Library 
	Statistics-Driven Generation of Structural Constraints 
	Structure Generation 
	Spectra Prediction and Ranking 


	Conclusions 
	Implementation, Software and Test Data 
	Implementation 
	Software and Test Data 

	References

