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Three new approaches for automated structure elucidations of organic molecules using NMR spectroscopic
data were introduced recently. These approaches apply a neural network *C NMR chemical shift prediction
method to rank the results of structure generators by agreement of the predicted and experimental
chemical shifts. These three existing implementatioﬁre compared using realistir—Jolecules. The
applicability and reliability of such approaches is adtressed. Copyright © 2004 ]owfiley & Sons,

Ltd.
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INTRODUCTION

The structures of natural products and unknown compounds
obtained from organic synthesis are usually elucidated by
applying various spectroscopic techniques, such as IR, MS,
UV and NMR methods. After the molecular formula has been
determined (e.g. from a high-resolution mass spectrum),
NMR spectroscopy assumes special importance, as it is
the only method out of the four which achieves atomic
resolution.

One of the simplest NMR parameters is concurrently one
of the most useful: the 3C chemical shift describes with
only one number the complex chemical environment of a
carbon atom. The chemical shift values for all carbon atoms
of an organic compound can be determined easily and yield
a characteristic fi;@)rint of an unknown compound. This
fingerprint is uniqae and theoretically sufficient to elucidate
the structure of molecules with 15-20 non-hydrogen atoms,
even if an experimental uncertainty of 0.5 ppm is assumed.
For a higher number of non-hydrogen atoms, the number
of possible constitutions increases faster than the number of
possible different 13C NMR spectra (within the experimental
uncertainty). Consequently, two substances can yield quasi-
identical spectra.

The simplicity of *C NMR chemical shift experiments
paired with the enormous information they provide about
the constitutional environment of a carbon atom makes
them widely used in structure elucidation. The structural
environment of a carbon atom is often represented as a
single string of characters, hierarchically ordered spherical
description of environment (HOSE code).! The HOSE codes
of many carbon atom environments were stored together

with the corresponding chemical shift values in databases.?~*
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Using such databases, very accurate predictions of 13C
NMR chemical shifts become possible by generating the
HOSE code for the carbon atoms of interest and screening
the database for similar ones. On the basis of these data,
mathematical models were developed that generalize the
dependence of the chemical shift value from the molecular
constitution. Such models help in understanding the nature
of this correlation and can also be applied to predict chemical
shifts. The chemical shift calculation using a database has
the disadvantage of relatively long search times in the
databases and the necessity for access to such large storage
systems. To avoid this time-expensive approach, various
incremental systems were introduced, which usually rely on
multiple linear regression.’>~7 A modern version of such an
implementation is used in CHEMDRraw.® Although increment
methods usually give less accurate results than database
predictions, they are widely used owing to their availability,
simplicity and velocity.
In the last 10 years, n
into the field of chemical s

1 networks’ were introduced
rrediction. After being applied
to specific groups of organic compounds,'°~!® generic neural
networks were introduced that predict chemical shifts for
nearly every class of organic molecule.>1415 More recently,
they were also applied to protein chemical shift prediction.!®
Their advantage is that they combine the accuracy of database
predictions without losing much of the speed of incremental
methods. Therefore, they are suitable to be applied to
large sets of molecules obtained from structure generators.
The details of the neural network used in the following
implementations are described elsewhere.!” The accuracy of
the prediction is as good as 1.5 ppm by computing up to 5000
chemical shifts per second.

EXPERIMENTAL

We describe the application of the three structure generators:
MoLGeN, GeNius and CocoN (see Table 1)@6 programs

Copyright © 2004 John Wiley & Sons, Ltd.
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Table 1. Molecular formulae, computational aspects and results obtained for the model compounds 1-3
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Computational data R.m.s.d. (experiment—ANN©)
No. of No. of :_p
Structure Molecular possible generated  Overall  Correct Best Worst
generator Compound formula structures structures  time? (s) (ppm) (ppm) (ppm)
MOLGEN N-Allyl-N'-ethylthiovren (1)  C¢H19N2S 709259 709259 8213 0.7 0.7 93.5
GENIUS Tryptophan (2) C11Hi2N,O, ~6.6 x 1010 10752 400 14 1.4 58.7
COCON Prianosin D acetate (3) CH19N304S 22572 200 5.9 4.6 23.0

=)

2 Calculated on a PC equipped with a Pentium III processor (1000 Mlﬂ?Calculation time of COCON is not included for 3.

Genws and CocoN rely on the direct use of spectroscopic
data (see be
that compu

- MOLGEN is a powerful structure generator
1 possible structures for a given molecular
formula.’® For molecules with up to 12 non-hydrogen
atoms, the algorithm computes all possible constitutions in
a reasonably short period of time (from a few seconds up
to 24 h). The resulting set of structural proposals contains
up to a few million members. The *C NMR spectrum for
all structural proposals is then computed using the artificial
neural network-based program C_sHiFr.'*1” The r.m.s.d. of
the ¢ uted and the experimental chemical shift values
over| carbon atoms serves as a quality factor for the
similarity of the two spectra.“2! Also, constitutions that
yield a r.m.s.d. value below the experimental deviation
plus the standard deviation of the prediction method are
treated as potentially correct constitution of the unknown
compound.? Increasing the number of non-hydrogen atoms,
the constitutional space soon extends the critical size that can
be computed using MOLGEN in a meaningful period of time.

At this point, the search algorithm needs to be modified:
instead of considering the complete constitutional space,
only a subspace is generated, while ensuring that the
correct solution is part of this subspace. GENIUS uses a
genetic algorithm to generate this structural subspace.?
For this purpose, the constitution of each molecule is
coded in a string. For these strings, mutation (changing
the string) and recombination (combining two strings)
operators were defined. With this implementation, a set
of constitutions can be treated as a population of individuals
that undergoes cycles of recombination and mutation under
the influence of a continuous selection pressure:?® the first
step is the generation of a small, randomly chosen part of
the constitutional space and the comparison of the predicted
with the experimental chemical shift values for all members
of this subspace. The resulting r.m.s.d. values are applied
as a fitness function and serve as selection criteria for
the recombination step. The offspring is now generated by
recombining two molecules to form a new one and applying
eventually a mutation. The resulting new set of molecules
again undergoes the processes of selection, recombination
and mutation. This algorithm optimizes the members of
the population to meet the experimental NMR spectrum
and therefore samples the structural subspace of interest. It
suggests the correct solution for all tested examples with up
to 15 non-hydrogen atoms and for most examples with up to
20 non-hydrogen atoms.?

Copyright © 2004 John Wiley & Sons, Ltd.

At the size of about 15-20 non-hydrogen atoms, addi-
tional experimental information becomes necessary to solve
the structure unambiguously. This information can be lists
of necessary (good list) or forbidden (bad list) fragments
applied in MOLGEN or GENIUS, which can be known from
synthesis, experience or additional experimental data.”!
The Cocon algorithm?®?* is specialized to exploit two-
dimensional NMR connectivity information, which drasti-
cally reduces the size of the structural space spanned by one
molecular formula. Thus, the structural space to be gener-
ated is restricted to all structures that meet the experimental
connectivity information. The ranking within this subspace
is again obtained by computing the 1*C NMR chemical shift

20¢ with C_sHirr.! CocoN also allows including infor-

values
mation from other sources as fixed bonds or forbidden bonds.
This corresponds to the good list and bad list philosophy.
Figure 1 illustrates the critical influence of the size
of the constitutional space on the choice of the applied
algorithm. As long as the constitutional space is small
enough to be generated completely, MOLGEN is the tool
of choice. The generation of the complete set of possible
constitutions guarantees that the correct solution is generated
and analyzed. However, MOLGEN becomes too slow as the
molecular size increases. In contrast, GENIUS generates only
a small part of the constitutional space by incorporating
the experimental information into the process of structure
generation. It is therefore able to find the correct constitution
in much larger constitutional spaces. However, since only
part of the structural space is evaluated, no guarantee can be
given that the correct solution was generated. Increasing the
structural space still further, the *C NMR spectrum alone is
no longer a unique molecular fingerprint, if the uncertainties
of the experiment and the shift prediction are taken into
account. COCON generates all possible constitutions that meet
the connectivity information obtained from two dimensional
NMR spectra. In contrast to GENIUS but similar to MOLGEN,
the CocoN algorithm generates the complete subspace of
constitutions that are consistent with the connectivity data;
hence the correct constitution will be among the generated
structural proposals. However, the similarity among the
obtained constitutions and the predicted NMR spectra will be
much higher. For that reason, more than one of the generated
constitutions can satisfy the experimental NMR spectrum
with a small r.m.s.d. value. In that case, no unambiguous
solution is possible but the list of possible constitutions can
be dramatically reduced, typically by a factor of 0.001-0.002.
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Figure 1. Applicability ranges for the methods of automated
structure elucidation. While the total number of constitutions
possible for a given molecular formula is smaller than ~108, all
structures and the respective 13C NMR spectrum may be
generated computationally. The structural space is usually
sufficiently small to make the agreement of experimental and
predicted 3C NMR a unique identifier of the correct
constitution. However, if the number of possible constitutions
increases above ~108 it becomes time-wise inefficient and
finally it is impossible to generate the complete structural
space. The '3C NMR spectrum remains a sufficient identifier of
the correct constitution so that an algorithm that generates the
structural space around the correct structure will succeed. If
the number of possible constitutions increases above ~1012,
the similarity between the experimental and predicted '3C
NMR spectra alone is no longer a unique identifier for the
correct constitution — other constitutions will gain similarly
good agreements. Additional constitutional information from
2D NMR spectra is used to limit the structural space generated.

RESULTS AND DISCUSSION

The capabilities of these approaches are illustrated with three
model compounds. Table 1 summarizes some experimental
details and the calculation results. The first example, a
thiourea derivative (1) with the molecular formula CsH;oN,S,
covers a constitutional space of about 700000 molecular
constitutions, which can be generated by MOLGEN. The two
double-bond equivalents and three heteroatoms result in a
structural space of medium size for a molecule with nine
non-hydrogen atoms. The correct constitution is ranked with
the lowest r.m.s.d. to the experimental *C NMR spectrum
and is well separated from the second-ranked constitution
(0.70 ppm compared with 1.65 ppm). The histogram of the
ram.s.d. value distribution between the experimental *C
NMR spectrum and the computed 3C NMR spectra of
all constitutions is shown in Fig. 2. The deviation between
the experimental and predicted '3C chemical shift of 1 is
illustrated for all carbon atoms in Fig. 3.

The second example, tryptophan (2), has 15 non-
hydrogen atoms (including four heteroatoms) and eight
double-bond equivalents, thus spanning a much larger
constitutional space. The complete generation of all struc-
tures with MOLGEN would t som s and the predic-
tion/analysis of the NMR some ye
By contrast, GENIUS generates only about ) trial con:
tutions and arrives at the correct solution structure in a few
minutes. The correct constitution is ranked with the low-
est r.m.s.d. to the experimental *C NMR spectrum and is
well separated from the second-ranked constitution (1.4 ppm

ra wi

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 2. The three histograms visualize the distribution of the
computed root mean square deviations (r.m.s.ds) between the
experimental and the predicted spectrum over all members of
the generated sets of molecules for the three model
compounds and the three methods: (a) N-allyl-N’'-ethylthiovren
(1) solved with MoLGeN in combination with C_sHIFT,

(b) tryptophan (2) solved with Genius and (c) prianosin D
acetate (3) solved with Cocon in combination with C_sHIFT.
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Figure 3. The deviation between the experimental and
predicted '3C chemical shifts for 1,2 and 3 is illustrated for all
carbon atoms by circles of different radii.

compared with 2.8 ppm). The histogram of the r.m.s.d. dis-
tribution for the structural proposals of 2 is shown in Fig. 2.
The deviation between the experimental and predicted *C
chemical shift of 2 is illustrated for all carbon atoms in Fig. 3.

The third example, prianosin D acetate (3)® has an
unknown number of possible constitutions. The published
data set of experimental NMR data was completed with
theoretical correlation data [a theoretical data set con-
tains for a given constitution all TH,'H-COSY correlations
which are based on 3J(H,H) interactions, for 'H,X-HMBC
correlations 2J(X,H) or 3J(X,H) interactions and for 1,1-
ADEQUATE all ?J(C,H) correlations] for the CocoN calcula-
tion including all 'H,'H-COSY (6), 'H,'*C-HMBC (40), 1,1-
ADEQUATE (15) and 'H,"?’N-HMBC (9) correlations. Even
with this almost complete theoretical data set, 22572 dif-
ferent structures are generated by Cocon. The 1*C chemical
shift deviations were calculated for all structures and the
correct structural proposal is ranked as 28th within the first
0.2% with@n rm.s.d. value of 5.9 ppm. The comparable

Magn. Reson. Chem. 2004; 42: 000-000
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large r.m.s.d. value obtained for some natural compounds
are caused by several reasons: (a) these structures are rela-
tively seldom in databases and therefore underrepresented
in the training of the neural networks, (b) they contain many
highly substituted carbon atoms and (c) a lot of uncommon
structural fragments, which are predicted less accurately;
5—C*=C—C=0, for example, is predicted 22.3 ppm too
low. However, among the top-ranked 100 structures the
28th is the only one that allows planarity of the conjugated
m-electronic system and is therefore the only plausible low-
energy solution (supporting information is available from
the author; uest). Figure 2 shows the histogram of the
rm.s.d. di 1tion between calculated and the experimen-
tal *C NMR spectra. The deviation between experimental
and predicted *C chemical shift of 3 is illustrated for all
carbon atoms in Fig. 3.

Hence the applicability of the three algorithms corre-
lates strongly with the size of the constitutional space.
MOLGEN is limited by the computation time necessary for
generating all constitutions and predicting their *C NMR
spectrum. It works reliably for moleculesuzjth less than 13
non-hydrogen atoms; for larger molecule, required com-
putation time exceeds 24 h. GENIUS can push this limit to
about 20 non-hydrogen atoms, by generating only a dynam-
ically determined pa highly probable structures. This
algorithm has the di@antage that no guarantee can be
given that the correct molecule was generated. For larger
molecules, the ®C NMR spectrum alone is no longer a
unique fingerprint of a molecule, if the uncertainties in the
experiment and in the prediction are both taken into account;
additional (experimental) information is necessary to obtain
an unambiguous solution. Both algorithms, MOLGEN and
GEN1US, profit from a ‘good list’ (fragments that have to be
used) and a ‘bad list’ (fragments that are forbidden). Such
fragments can be known from synthesis, experience or other
experiments (UV or IR spectroscopy or mass spectrometry)
and can restrict the search space dramatically. By applying
such lists, the necessary computation times can be reduced
and the size of the molecules can be increased. A specialized
approach for incorporating additional information is COCoN,
which uses connectivity information from two-dimensional
NMR data to decrease the size of the constitutional space. In
combination with the subsequent chemical shift prediction,
it is able to reduce the number of possible constitutions even
for complex natural products with up to 30 non-hydrogen
atoms (or even more) to a small number that can be analyzed
by hand. In less complex cases the correct solution is often
ranked first.

CONCLUSION

The algorithms presented here give the spectroscopist a
variety of tools that help to find the correct solution structure

Copyright © 2004 John Wiley & Sons, Ltd.

faster and without biasing the search ructural space. For
small molecules with less than o Irogen atoms, such

automated protocols can arri t the correct solution for

the majority of the standard structures in organic chemistry.
However, the knowledge and experience of the chemist is
required t lyze more complex problems and to evaluate
the more eq%j structures suggested by a structure %jator'
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