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Abstract :

A simple method is suggested to identify the structure of novel compounds with basic IR,
'H and C NMR spectroscopy and computational tools. With the molecular formula
obtained from high resolution mass spectrometry, all possible isomers are calculated. The
absence or presence of particular functional groups which were inferred from IR, "H and
13C NMR and DEPT spectra is used to sort all the possible isomers using SMARTS code
and RDKit. Then, the final structure(s) are identified by comparing the correlation between
Quantum mechanically calculated *C NMR chemical shielding constants and experimental
13C chemical shifts of molecules in consideration. We have applied this protocol to five
natural compounds, the number of heavy atoms ranging from 11 to 15, and correctly
identified the structures of all test cases. The limitations and further consideration are

discussed.

Keywords: generation of isomers, spectroscopic filters, DFT calculations of nuclear

shieldings



Introduction

Structure elucidation of organic molecules is typically done by a combination of
1D NMR and 2D NMR techniques such as COSY, NOESY, HSQC and HMBC spectra, mass
spectrometry (MS) and may be Infra Red (IR) data. However, with the use of suitable
computer programs the 2D NMR step can be avoided. This can be done in a three step
process: i) calculations of all possible isomers ii) use of spectroscopic filters iii)

determination of relevant NMR data.

Meiler and Meringer [1] used neural networks to predict *C chemical shifts of
structures generated by MOLGEN [2-3] which can generate all possible isomers of a given
molecular formula. Since the number of possible isomers growth rapidly with number of
non-hydrogen atoms in a molecule, they applied their methods to the molecules
containing up to 12 non-hydrogen atoms. Later Meiler and Kock [4] extended this study
using either MOLGEN, GENIUS [5-6] or COCON [7-11] to increase the size of molecules
that could be studied. Instead of searching for a whole space of given molecular formula
as done by MOLGEN, GENIUS uses a genetic algorithm (GA) to find the possible candidates
to extend the size of molecules to apply. The difference between the experimental
chemical shifts and the chemical shift calculated by neural network is used as a fitness
function and serve as selection criteria for the recombination step. In the paper, they
claim that GENIUS can predict the structure of a molecule up to 20 non-hydrogen atoms.
As well known, GA is very efficient algorithm for finding optimum solution, however, GA
does not always guarantee for finding the optimum solution especially for a huge search
space. They also suggested COCON to extend the applicability of automated structure
elucidation to the molecules with more than 20 non-hydrogen atoms. A drawback of the

COCON algorithm is that one is not sure that the correct molecule is generated.

In present study MOLGEN is used to generate possible isomers and make sure that
the right answer is among the isomers generated. However, we extended the limitation by
applying spectroscopic filters to reduce the number of candidates during the isomer
generation step with MOLGEN or after the step, then the *C chemical shifts were calculated

for the candidates using high level of quantum mechanical (QM) calculation. Lastly, the
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calculated chemical shielding constant were compared with experimental chemical shift to
pinpoint the real molecule. In contrast to the previous works, *C chemical shifts is not the
only information to find the right answer, but also '"H NMR, IR and DEPT spectra are used
as spectroscopic answers. The spectroscopy filters are converted into SMARTS [12] to use
for a delicate filtering procedure. In the process SMARTS has been essential. Quantum
mechanical calculations of nuclear shielding are used to obtained C NMR chemical
shielding constant. The resulting structures are selected by a comparison of the calculated
13C chemical shielding constant with the experimental chemical shielding. The use of
calculated chemical shifts rather than data from a data base, ensures that new structural

elements can be treated properly.

The present approach covers compounds containing the following atoms, C, H, O
and N and formulas with less than 16 heavy atoms. It has been tested on a series of

structures, some of which like e.g. cytisine, have unusual structural elements.



Methods
Generation of spectroscopic filter

A high resolution MS data is leading to a molecular formula. Having obtained a
molecular formula, a check can of course be made knowing symmetry from the 'H spectra,
counting the number of carbons from *C NMR spectra and the number of protons

attached to carbon from the DEPT spectra.
The spectroscopic filters are generated in the following way following simple rules:

i) From the molecular formula the number of double bond equivalents (also
referred to as degree of unsaturation) can be calculated. This can be helpful
in deciding whether an aromatic moiety is present or not. From the Infra Red
spectra typical functional groups like:  OH, NH, C=0, COOH, C=C, C=N, N=C=0,
NO, are identified.

i) From 'H NMR spectra integrals are used, presence of singlets and simple
coupling patterns, which can be used to determine the substitution patterns of
benzene rings (and symmetry) and to determine vicinities, are determined. For
double bonds, it is possible to determine cis-trans geometries, 'H chemical shifts
can tell about aldehydes, carboxylic acid and presence of aromatic rings. A
CH, group having two different chemical shifts may indicate the presence of a
center of chirality. Unusual low H chemical shifts could indicate a three-

membered ring

iii) DEPT spectra are recorded to classify carbons into, C, CH, CH, or CH; types. *C
chemicals shifts are primarily used to sort carbonyl containing groups into
aldehydes, ketones; esters, amides and carboxylic acids. Setting up these filters
it is important that also “negative” information is included, e.g. no presence

of a C=N triple bond etc.

Molecular formula and the spectroscopic filters as well as *C NMR chemical shifts are

presented in Table 1 and Table 2.



Table 1. Used Mass data and Spectroscopy filters

Formula

High Res. MS

Filters

Ref

C1OH16O

C10H14N2

C12H14O

Cy1H14NO

CgH12N4O3

2 M+NH,*

170.15282

163.1233P

174.1051

191.1179°

213.0988

b M+H*

1 C=0, 14°C (CHy), 3 CH, 2 CH,, 2 CH3, CHs-
CH, (CH3),-CH, 1 3-membered ring

No C=C, No C=C

Aliphatic : 1 CHj3 singlet, 3 CH,, 1CH
Aromatic : 4 CH (one H is isolated), 1 4° C
No NH

1 phenyl (CgHs), T OH, 1 CH;3CHo,

3 Aliphatic 4° C, 1 CHj; singlet

1 NH, 1 C=ONR; (probably conjugated), 4
CH,, 2 4°C (one in C=0ONR;), 2 aliphatic C,
3 olefinic CH (they are neighbors), at least
1 chiral center

No : C=N, NO, C=0, CHO, OH, Ar-Ring,
N=N, -N=C=0

Aliphatic : 1 CH; (not next to a CH,), 1 CH,-
CH

Aromatic : 2 CH (they at least 4 bonds
apart), 1 4°C

1 C(=0)OH, 1 C(=O)ONH, 1 chiral center

13

14

15

17




Table 2. Used experimental 3C Chemical shifts data.

Formula Types? and chemical shifts Ref.
CioH160O P C=0 (221.4), CH; ( 25.5, 32.9, 47.4), CH, 18
(18.7, 39.7), CH;5 (18.2, 19.7, 20.0), C4 (29.7)
CioH14N; CH; (68.9), CH; (22.6, 35.3, 57.0), CHs 18
(40.4), CH, (123.6, 134.8, 148.7, 149.6), C,q
(138.8)
Ci2H140 CH,(36), CHs (9, 28), C4(68, 83, 93), 19
CH,(128.5, 128.5, 128.5, 128.5, 132),
Caq(123)
C11H14NO C=0(163.7), CH(27.6, 35.4, 105.1, 116.8, 18
138.8), CH»(26.2, 49.7, 52.7, 53.7), C4(150.8)
CgH12N40; C=0(172,177.9), CH4(54), CHx(44), 17

CH3(30), CH4(118.5, 136.5), C54(130.2)

2 C=0: carbonyl carbon, C, : aliphatic 4° carbon, CH, : aliphatic CH,
CH, : aliphatic CH,, CH; : aliphatic CHs, C,q : aromatic 4° carbon, CH, :

aromatic CH, ? Data for Thujone from sage




Structure Enumeration

MOLGEN is a program to generate all constitutional isomers that correspond to a
given molecular formula, with optional further restrictions, e.g. presence or absence of
particular substructures.  The information on presence or absence of particular
substructure are inferred from IR, 'H and 3C NMR and DEPT spectra as illustrated in Table
1. For structure enumeration with MOLGEN, no restrictions were applied for the cases of
CioH160, CioH14N,, and Cy2H140 in order to see the exact number of possible constitutional
isomers, CPU time and the amount of storage required. For other cases, all connectivity
isomers cannot be generated due to the disk space of the computer we used (shown in
the second column of Table 3). Each isomer generation steps with MOLGEN require less
than 24 hours with an INTEL i7 CPU machine. For the practical reason, we only tested
moderate size of molecules in this study. Currently, MOLGEN uses SDF [20] format to store
the outputs. There are several ways of saving structure with line notation. If MOLGEN could
use SMILES [21-23], InChl [24], or yalnChl [25] as output format, it could reduce the size

of storage required dramatically.

Table 3. The number of generated isomers with MOLGEN before and after final filtering

Formula # of isomers? # of isomers® AC

CioH160 452,458 113 0.00075
CioH14N; 138,809,165 32 0.00051
Ci2H4140 272,917,140 13 0.03453
C11H14N>O N/A¢ 19 0.00008
CgH12N4O3 N/A¢ 54 0.00092

2 all possible isomers generated with MOLGEN, ° After filtering with
SMARTS, ¢ Correlation coefficient difference between ranks 1 and 2. ¢ Not

available because filters were used during isomer generation step.




Filtering with SMARTS code

Some of the information (presence or absence of particular substructures) were
difficult to apply in the constitutional isomer generation step with MOLGEN. SMARTS and
RDKIT [26] are used to filter out unnecessary isomers from the output from MOLGEN. The
numbers of the final isomers are presented in the third column of Table 3. At this stage,
we tried to reduce the final number of candidates as much as possible in order to reduce
the number of molecule to be calculated by QM calculation. Geometry optimization was

performed on the final candidates with MMFF94 [27] force field implemented in RDKIT.

Computation of 3C NMR Chemical Shielding Constant

QM calculations were performed with the final candidates to get the *C NMR
chemical shielding constant of the molecules. QM calculations have been done in two
steps. First, Geometry optimization with PM6 followed by B3LYP/6-311+G(2d,p) level of
theory has been done to reduce computation time. Then, *C NMR chemical shielding
constant is calculated at mPW1PW91/6-311+G(2d,p) level of theory with the SCRF
(solvent=chloroform, smd) option. The level of theory for QM calculations was suggested
by Lodewyk et. al. [28] All QM calculations were done with the Gaussian 16 (G16) software
package. [29]

Assigning an Experimental Chemical Shift data to a corresponding structure

G16 gives only isotropic shielding constants (which can be converted to chemical
shifts) of different atoms, and no information about the real intensities. As QM NMR
calculations are done with a (non-dynamic) single point structure, you will e.g. usually get
different chemical shifts of protons of a methyl group, which are obviously averaged to
single peak with relative intensity=3 in your observed spectrum. This may of course also
be true for a number of other structures like methyl groups in isopropyl or t-butyl groups

or symmetrical benzene rings. In addition, one has to take tautomrism into account. To



assign an experimental data to a proper structure, correlations between experimental
chemical shift and QM chemical shielding are calculated with linear regression module in
scikit-learn [30] implemented in Anaconda Python [31]. To get the correlation coefficients,
carbon types and values (experimental chemical shift and calculated chemical shielding)
are considered at the same time. The used carbon types are listed in the footnote a of
Table 2. Since the same type of carbon could have different values of chemical shields or
chemical shift in a molecule, all possible combinations are considered during correlation

coefficient calculation.

Results and discussion
c10H160

CioH100 is Thujone which is a natural compound isolated from sage. Without any filtering
of particular substructure restriction, 452,458 constitutional isomers have been generated
with MOLGEN. Among them, only 113 isomers are considered for QM calculation after
filtering with SMARTS. As can be seen all compounds in the Figure 1 contain more than
one chiral center. After considering chiral isomers of each compounds, the chiral isomers
with highest correlation coefficient for each compounds were selected and the results are
shown in Figure 1. The numbers below the depictions represent rank, ID, and correlation
coefficient between experimental chemical shifts and computed chemical shielding

constants, respectively.

A

-]

S // S

o R S

R

1 0089 0.99883 2 0051 0.99808 3 0113 0.99692




Figure 1. Three highest ranked isomers of is CioH1,0. The numbers below the depictions

represent rank, id, and correlation coefficient, respectively.

C1OH14N2

CioH14N; is Nicotine. By using only molecular formula, 138,809,165 constitutional isomers
have been generated with MOLGEN. Among them, only 32 compounds remained after
filtering with SMARTS. The selected molecules with highest correlation coefficient are

shown in Figure 2.

1 0012 0.99909 2 0018 0.99858 3 0010 0.98822

Figure 2. Three highest ranked isomers of CioHq4N,. The numbers below the depictions

represent rank, id, and correlation coefficient, respectively.

Ci2H140

Ci2H140 is 3-methyl-1-phenylpent-1-yn-3-ol. Without any restriction of substructures,
272,917,140 constitutional isomers have been generated with MOLGEN. Among them only
13 compounds remained after filtering with SMARTS. After considering chiral isomers of
each compounds, the selected molecules with the highest correlation coefficient are shown

in Figure 3.
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HO — 7
OH HO
1 0010 0.99778 2 0012 096325 3 0011 0.95107

Figure 3. Three highest ranked isomers of Cq;H140. The numbers below the depictions

represent rank, id, and correlation coefficient, respectively

c11H14N20

Cy1H14N2O is Cytisine which is a natural product and a strong poison. As this is a
large structure and complicated it will be discussed in some detail to illustrate how to
obtain the spectroscopic filter data. The DEPT spectra provides the type of carbons (see
Table 1). The ™C chemical shift of 163.7 ppm suggests an ester or amide, but as the

formula only contains one oxygen, the ester is excluded.

From the "H NMR spectrum (Figure 4) an OH or NH resonance can be seen. As
the oxygen is part of the amide group, it has to be an NH as a broad resonance just below
2.5 ppm). Three double bond protons next to each other are seen at 7.3, 6.45 and 6.0
ppm. The CH, groups clearly have different chemical shifts (and they of course then show

splitting due to coupling constants). This points to centers of chirality.

The Infra Red spectrum (see Figure 5) besides from confirming the presence of NH
(~2900 cm™™) and C=0 groups (1650 cm™), the most informative part of the spectrum is
from 2400 to 1700 cm-1 with no absorptions. This leaves out C#N and C#C triple bonds
and -N=C=0 groups. From the '"H NMR spectrum no aldehyde (HC=0) groups are seen.

As one O and one N is taken by the amide, no N=N and N=0O groups can be present.
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Figure 4. ™M NMR spectrum of Cytisine taken from reference 18. Integrals

below resonances.
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are given
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Figure 5. Infra Red spectrum of Cytisine taken from reference 18

All possible constitutional isomers cannot be generated with MOLGEN due to the
storage limit of the computer used (10TB).  Filtering was applied at the stage of structure
generation with MOLGEN. The number of isomers generated with MOLGEN was 122 and
the number is further reduced to 19 after filtering with SMARTS. For this case, puckering
of the rings has been considered to find the most stable structures of each compounds.
The results are shown in Figure 6. As can be seen, the difference in correlation coefficients

of 0019 and 0011 is quite small for this case.
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1 0019 0.99806 2 0011 0.99800 3 0010 0.98834

Figure 6. Three highest ranked isomers of Cy1H14N,O. The numbers below the depictions

represent rank, id, and correlation coefficient, respectively.

c8H12N403

CgH12N4O5 is the dipeptide, His-Gly. Again, filtering was applied at the stage of
structure generation with MOLGEN. The number of isomers generated with MOLGEN was
33,594,278 and the number is further reduced to 54 after filtering with SMARTS. Even
though CgH1,N4O; is a dipeptide, which could have two directional isomers (Gly-His and

His-Gly), the right answer was found correctly. The results are presented in Figure 7.

(8] 0
Moo TN =\ 8
HO ~ HO - N AH HO - ~
0 NH, NH,

1 0023 0.99814 2 0021 0.99722 3 0026 0.99716

Figure 7. Three highest ranked isomers of CgH1,N4O3. The numbers below the depictions

represent rank, id, and correlation coefficient, respectively.
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Limitations and Strengths

Structures of the five test cases have successfully been correctly been identified c.
However, this protocol has a few limitations. Theoretically, MOLGEN could generate all
possible connectivity isomers of a given molecular formula; however, the number of
isomers increases as the number of non-hydrogen atoms in the molecules increases. It
requires not only longer CPU time but also huge amount of disk space to store all isomer
for those molecules. The constitutional isomer generation step with MOLGEN requires a
fast computer with huge disk space to save all generated structures within reasonable time.
For practical reasons, we only tested moderate size of molecules in this study. We used
typically a desktop PC with Intel i7 CPU for this study. A faster computer with a parallelized
algorithm of structure generation program will extend the capability of this protocol to
bigger molecules. Ruddigkeit et. al. [32] generated GDB-17, which contains all possible
molecules of up to 17 atoms of C, N, O, S and halogens. One can use this database instead
of using MOLGEN. However, one should be aware that GDB-17 does not contain molecules
with 3 or 4 membered rings. Secondly, in order to find the correct structure using
correlation between experimental chemical shift and QM calculated chemical shielding
constant, we have to have the right chiral structure and conformers, but this will increase
the number of structures to be considered with QM calculation. As can be seen in the
fourth column of Table 3, the difference in correlation coefficient between rank 1 and rank
2 is very small, which means that using a correct structure to calculate chemical shielding

is very important.

Strength is clearly analyzing spectra with many rings, which can be difficult based
on NMR data and especially using HMBC spectra. Furthermore, analysis of molecules with

very few hydrogens should also be favored by the present technique.
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Conclusions

We have successfully identified the structure of five molecules with molecular
formula, using IR, "H and *C NMR data and aids in terms of computational tools. With
this methodology, structure identification of novel compounds will be accelerated. Even
though it has a few limitations at the current stage, using a faster computer and parallelized
algorithm for structure enumeration can extend the size limit of molecules in consideration.
A logic further step is to use high resolution MS data of fragments in for compounds in
which certain parts of the molecule do not have many characteristic functional groups like

glycosides of natural products.
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