Chapter 2
Strategies of Structure Elucidation

Abstract Different strategies regarding the application of the system depending on
the specific features of the problem under analysis are discussed in this chapter. The
input of 1D and 2D NMR spectroscopy data (automated and manual) to the pro-
gram and the creation of electronic data tables are outlined. Special attention is
focused on developing a Molecular Connectivity Diagram (MCD) as well as its
editing and checking for consistency. An MCD represents visually all initial
information employed by the system for structure generation. The application of the
Common and Fragment modes of Strict Structure Generation depends on the
particular peculiarities associated with a problem (molecule size, deficit of hydro-
gen atoms, etc.) and the methodology of the most probable structure selection from
the output file is described. Special consideration is given to the problem of
resolving logical contradictions in 2D NMR data arising from the presence of
“nonstandard” correlations (those for which "Jyg, cp, n > 3). To this aim, a Fuzzy
Structure Generation (FSG) algorithm is implemented into Structure Elucidator
which allows for identification of the structure of the compound under analysis in
the presence of an unknown number of nonstandard correlations of unknown
lengths. Different modes of FSG are expounded and strategies for its application are
discussed, instructing the student when and how each mode can be effectively
employed.

2.1 Data Input, Processing, and Forming of a Molecular
Connectivity Diagram

We assume that the reader is skilled and experienced enough to manually process
raw 1D and 2D NMR data using traditional approaches (peak picking, structural
interpretation of spectral features, etc.). These abilities are also necessary in all
stages of CASE problem solving, especially during the preparation of spectral data
for input into a computer. This stage is very important and it can be considered as a
first step in forming the primary “axioms” and hypotheses (Sect. 1.2). It should be
strongly emphasized that the application of the CASE system does not release the
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chemist from having the necessary knowledge and experience in NMR spectros-
copy. At the same time the program takes responsibility for the automatic creation
of the majority of axioms and hypotheses necessary for structure elucidation,
leaving their approval to the chemist. Once the initial set of “axioms” and
hypotheses is adopted by the chemist further structure inference is performed by the
system automatically. We also assume that the chemist has knowledge and expe-
rience in mass spectrum interpretation. Skills in the analysis of a peak cluster
observed around the molecular ion and in deducing the molecular formula from an
accurate molecular mass are crucially important for utilization of a CASE system.
Therefore, in this chapter we will briefly describe the main steps of initial NMR
spectral data preprocessing and data input into the program using the facilities and
interface developed for Structure Elucidator. For this goal, a typical example will be
used where the 1D and 2D spectra are of good quality and the molecule under
investigation is a natural product of common complexity.

In the examples presented in Part IIT of this textbook, we will use 1D and 2D
NMR data that were already processed and saved as electronic tables in the format
common for Structure Elucidator. Primary attention will be placed on the methods
of overcoming uncertainty, incompleteness, and contradictions in the initial data
and the different operating modes provided in Structure Elucidator for these goals
will be explained.

2.1.1 Data Used for Structure Elucidation

There are various types of data that can be used to perform computer-assisted
structure elucidation. In particular, as described in the previous sections, 2D NMR
is the essential technique for the elucidation of complex chemical structures and,
due to its inherent complexity in terms of processing and manipulation, it is this
form of NMR that puts significant demands on the software. The 2D NMR structure
generator requires as input a set of atoms and the connectivities between them. The
generator also takes into account the associated chemical shifts of the atoms as well
as a series of different structural constraints. The base set of atoms is usually
obtained from the molecular formula, while the connectivities between the atoms
are revealed by combining the data encoded into the 1D and 2D NMR spectra.
The following spectra are commonly used in structure elucidation:

e Mass spectra mainly provide the molecular mass and elemental composition (in
combination with NMR and IR spectra) and, as a result, access to the molecular
formula for the compound under examination. Note that the determination of a
molecular formula is crucial for the structure elucidation both manually or using
an expert system. The fragmentation of the compound represented by a mass
spectrum provides access to further detail regarding the molecular composition
in terms of key molecular fragments present in the compound under study.
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e 1D NMR spectra contain information about atoms included in the structure in
terms of their electronic environments, their proximity to each other both in
terms of skeletal connections and through-space interactions, as well as details
regarding internal barriers of rotation.

e 2D NMR spectra can provide information about both through-bond and through-
space interactions between atoms and are the most informative, especially when
multiple types of 2D NMR spectra are acquired and analyzed in parallel.

Data preparation is a key part of both manual and automated structure eluci-
dation. Almost any error made during this procedure can lead to erroneous struc-
tures being derived as a result of the elucidation process. For input into Structure
Elucidator, data preparation should therefore be done as carefully as possible. Data
preparation consists of two main steps—the determination of an atom list and the
determination of the connectivities between atoms. Algorithms for structure gen-
eration can automatically correct inconsistency and some errors in connectivities
between atoms but it is almost impossible to rectify mistakes in the list of atoms.
A dialog window Spectrum Parameters is used to specify the main spectrometer
parameters which are set for corresponding spectrum registration.

The chemist has the possibility to postulate values of chemical shift User
Defined Tolerance (ppm) for the F1 and F2 axes. These parameters signif-
icantly influence the problem complexity (size of the output file, time of
structure generation, etc.).

Most procedures described in this chapter will be illustrated using the example of
a small molecule, gymnopalyne [1], which contains carbon atoms of diverse
properties and several heteroatoms. Gymnopalyne has the molecular formula
C,H,0,ClL. Its structure 2.1 with the assigned 13C chemical shifts is shown below.
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2.1.2 Molecular Formula

The structure generation algorithm requires a list of atoms as initial data input. The
molecular formula (MF) is a compact representation of this list and is an absolute
requirement in order to perform structure elucidation. Usually a monoisotopic
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(accurate) mass is used to determine the molecular formula and is determined by
analyzing the mass spectrum for the mass (m/z) of the molecular ion. It should be
noted that a molecular ion peak is not always present in the mass spectrum. This is
more common in electron impact ionization spectra but spectra obtained using other
(more “mild”) ionization methods, for example, electrospray, usually do contain the
molecular ion peak. Mass spectra obtained using the positive ion electrospray
ionization (ESI) method contain the adduct peak of the protonated molecular ion. In
addition to the protonated ion, usually called [M+H]", other adducts include ions
such as Na*, K* or NH,*, denoted as [M+Na]*, [M+K]*, and [M+NH,]". This
information should be taken into account when generating molecular formulae, i.e.,
the monoisotopic mass should be corrected as appropriate. Structure Elucidator is
supplied with the Molecular Formula Generator which allows for the generation of
all molecular formulae corresponding to a given molecular mass and postulated
mass tolerance fol,,. To get to the Molecular Formula Generator it is necessary
first to activate the command Structure Elucidation/Create Molecular Connec-
tivity Diagram, as a result of which the dialog window Create MCDs Options
will appear (Fig. 2.1). To open the dialog window Molecular Formula Generator
(Fig. 2.2) it is necessary to click on the key Generate MF.
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Fig. 2.2 The dialog window of the Molecular Formula Generator

The top of the molecular formulae list corresponding to the molecular ion of
gymnopalyne m/z = 218.013458 at tol,,, = 0.5 Da are shown in the right part of the
window. In the left upper corner, the chemical elements assumed to be present in a
molecule are shown along with the limits of the numbers of corresponding atoms
allowed by user. The limits are postulated by the user on the basis of data extracted
from 1D NMR and IR spectra, as well as by taking into account the pattern of the
molecular ion cluster. In particular the number of signals in the '*C NMR spectrum,
the values of the integrals in the "H NMR spectrum and the characteristic IR
absorption bands observed in the region of 3,700—1,300 cm™" serve for this goal. If
no constraints regarding the number of chemical elements can be imposed, the
default settings are as follows: C (0-100), H (0-100), O (0-20), N (0-10). In the
left lower part of the window the monoisotopic mass and a tolerance tol,, are set.
The possible limits for the RDBE value (Rings and Double Bonds Equivalent) can
be input in the relevant field (0-100 as default). If chemical ionization is used to
acquire the mass spectrum then the check boxes M+H Ion or M—H Ion are
selected. To use the “nitrogen rule” during molecular formulae generation, the
check box Apply Nitrogen Rule should be selected. The generation of the
molecular formulae is started by clicking on the Generate MF key. Generated
molecular formulae are displayed in the right part of the window.

The number of molecular formulae corresponding to a given monoisotopic mass
can vary depending on the accuracy of the mass determination and the possible
elemental composition. For example, 200 molecular formulae correspond to the
monoisotopic mass of gymnopalyne (218.013458 Da) if the accuracy of the mass
determination is within 0.5 Da and only the elements C, H, N, O, and Cl are
allowed. As shown in Fig. 1.17 the molecular formula of gymnopalyne is on the top
of the list (#1) because generated molecular formulae are automatically ranked in
increasing order of differences. If the number of carbon atoms is restricted to 12, the
corresponding number of peaks in the 1D NMR carbon spectrum, then the number
of molecular formulae is reduced to 9. A similar decrease in the number of potential
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formulae occurs when the accuracy of mass determination increases. When the
limits of carbon atom numbers are set as the default and the accuracy is 0.05 Da
then the number of molecular formulae is 107. However, when measured to an
accuracy of 0.005 Da the number of formulae decreases to 8 and two molecular
formulae (a true one and unrealistic formula C;HgNgO,) can be found when the
accuracy is 0.0005 Da. Only one and correct molecular formula was generated
when the tolerance was set to 0.000005. In practice both methods, the restriction of
elemental composition using other data and increasing mass accuracy, are used
simultaneously to identify a single molecular formula in most cases. In some rel-
atively rare cases, when unambiguous determination of a molecular formula is
impossible, the structure elucidation process can be run several times using different
molecular formulae.

2.1.3 Forming the Molecular Connectivity Diagram

To provide a complete and clear pattern of the properties of the skeletal atoms and
the connectivities between them the program places skeletal atoms together with
hydrogen atoms attached to skeletal atoms (CH3, CH,, CH, and C groups, as well as
OH and NH if identified by the user from 'H NMR and 2D NMR spectra) in a
display. This pattern is referred to as the Molecular Connectivity Diagram (MCD).
As mentioned above, to create the MCD it is necessary to activate the command
Structure Elucidation/Create Molecular Connectivity Diagram. The dialog
window Create MCDs Options (Fig. 2.1) provides for execution of the following
functions:

e Use one MF or a set of possible MFs for creating the MCDs. If n formulae are
selected, then n MCDs will be created.

e Input a new molecular formula directly in the field New MF.
Select the types of 2D NMR data input into the program which will be used for
MCD creation.

e Use the Atom Property Correlation Table (APCT) for atom property setting
from the "°C and 'H NMR data.

e Transfer data from the first existing MCD to a new MCD which is created by the
user. Transferable properties are set using a selection of corresponding check
boxes.

The MCD created from the 'H, '>C, HMBC, and COSY spectra of gymnopalyne
is shown in Fig. 2.3. A copy of the MCD is created simultaneously in the dialog
window Auto MCD. All changes made in the Tables of Data are automatically
transferred into the Auto MCD window. This window allows viewing of the initial
MCD as the User MCD is edited by the user.

HMBC and COSY connectivities are shown in the MCD as “fuzzy” subgraphs
(fragments) connecting carbon atoms and/or carbon and nitrogen atoms by arrows
or lines when the corresponding "H-'"H COSY and '°N HMBC data are available.
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If known then the different possible distances between the connected atoms are
marked on the MCDs with specific colors. In accordance with the main axioms (see
Sect. 1.2.2) the lengths of the COSY and HMBC connectivities are taken by default
(standard connectivities) to be 1 and 1-2 bonds correspondingly, this indicating the
number of bonds between the skeletal atoms. In StrucEluc the standard length
HMBC connectivities are colored green and the COSY connectivities are colored
blue (see Fig. 2.3). If nonstandard connectivities are detected in the 2D NMR data
by the chemist or by the program then they are marked in violet color. Ambiguous
correlations (those which have ambiguous lengths) are distinguished by dotted
lines. This scheme permits “at-a-glance” knowledge of whether two atoms are
linked by exactly one bond, exactly two bonds, or a specific range of bonds.
Information from different 2D NMR experiments can be viewed or suppressed by
clicking the appropriate buttons on the toolbar.

The program analyzes the '*C and 'H chemical shifts of the CH,, groups (n = 0-3)
and automatically sets, if possible, the parameters (atom properties) to show the
most probable hybridization and the possible heteroatom neighborhood for each
carbon atom. To carry out this procedure special Atom Property Correlation Tables
(see Sect. 1.3.3.4) are used. The relationships to neighboring heteroatoms are
marked as “forbidden” (fb), “at least one”, “at least two”,“at least three”, “four”, and
“not defined” (nd). The possible states of atom hybridization are designated as sp°,
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sp?, sp, not sp, and “not defined”. To ease the visual recognition of the type of
hybridization of a given atom each type is marked in its own specific color: sp>—
blue, sp>—violet, undefined (sp> or sp*)—light blue, sp—green (see Fig. 2.3). It is
essential to note that both '*C and "H NMR chemical shifts are taken into account by
the program when setting the atom parameters. These descriptors for the carbon
atoms allow the system to analyze 2D NMR data and to efficiently apply constraints
during the process of structure generation.

If a distinct multiplet is observed in the '"H NMR spectrum from a structural
block (C,)H,, then the total number of hydrogen atoms attached to carbons adjacent
to the (C;) carbon is set. This property is determined by the chemist after visual
analysis of the 'H spectrum pattern and after taking into account the coupling
constants (if measured). The atom properties should be set and edited with great
caution because an erroneous assumption (a wrong “axiom”) leads to the exclusion
of the correct structure from the output file. All structural constraints presented in
the MCD are used during structure generation. Figure 2.4 shows a window where
all properties of a particular CH, group are presented as an example, while Fig. 2.5
displays the pull-down menus for setting the possibility of neighboring with a
heteroatom and atom hybridization.
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Fig. 2.5 The pull-down menus for setting the possibility of neighboring with a heteroatom (leff)
and atom hybridization (right)

Here a carbon atom with a chemical shift of 30.6 ppm is in a sp® hybridization
state, and its connection with a heteroatom is obligatory. Since the signal at
4.55 ppm is a distinct singlet in the "H NMR spectrum the number of hydrogens
attached to the carbon atoms closest to the C (30.6) carbon is set by the user to be
equal to zero. The latter constraints speed up the structure generation process
significantly because the generation of structures where this constraint is violated
will be suppressed. The chemist can then edit these parameters using other available
information. For this purpose, a set of buttons is shown on the MCD toolbar. The
functions of these buttons are explained by screen tips and are intuitively clear. For
example, if the molecule belongs to the CHNO class and the sp” hybridized carbon
atom C(163.1) is marked by the user as sp®\at least two then the system will only
generate (if possible) O-C=0, N-C=0, O-C=N, and O-C=N fragments on the
basis of that atom. The chemist is also offered the opportunity to draw bonds of any
multiplicity between the atoms to introduce suggested fragments into the process
and to set some proposed functional groups (for instance C=0, O-C=0, C=C, etc.).
If a molecule contains heteroatoms and there are free H atoms displayed on the
MCD, then O-H, N-H, NH,, etc., groups may also be drawn in. This provides a
quick and intuitive mechanism for entering structural information evident from the
"H NMR and/or IR/Raman spectra. Lengths of connectivities can also be edited by
drawing connectivities of definite lengths between selected atoms. In addition, a
forbidden connectivity between a pair of atoms may be drawn on the MCD. All
structural constraints presented in the MCD are used during the structure generation
process. Edits of the MCD are carried out easily using the toolbar where all
commands are intuitively clear and supplied with screen tips.

2.1.4 Checking the MCD for Consistency

As we will see later Structure Elucidator is capable of solving complicated problems
if the spectral data are free of contradictions. The system is adjusted by default to
account for the coupling constants 23 Jyn and 23 Jcu Which are common for the
corresponding COSY and HMBC correlations (referred to as “standard” correlations
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in Sect. 1.2.2) and contradictions will appear when at least one correlation of >3
bonds results in a response in the 2D NMR data. Although the intensities of the 2D
NMR peaks corresponding to “nonstandard” correlations are, in general, somewhat
weaker than those corresponding to the standard correlations, the origin of both
kinds of peaks is difficult to distinguish. Despite recent developments to aid in the
identification of the correlation lengths [2-5] there is presently no routine NMR
technique that is capable of distinguishing couplings of different lengths in a reliable
fashion. Therefore, the development of theoretical methods for 2D NMR data
analysis that identifies the presence of “nonstandard” correlations is of considerable
importance.

The StrucEluc system is supplied with algorithms and programs [6] that are able
to detect the presence of nonstandard correlations in 2D NMR data in the majority
of cases. Algorithms that help to remove contradictions by lengthening certain
connectivities have been delivered. A more general method to overcome the
presence of contradictions in 2D NMR data, referred to as Fuzzy Structure Gen-
eration (FSG) (see Sect. 2.3), was also developed [7] and implemented into
StrucEluc. In any case, the first step of structure elucidation using StrucEluc is to
check the MCD for the presence or absence of contradictions in the 2D NMR data,
i.e., to check data for consistency. The data checking algorithm is based on logical
analysis of the full set of connectivities derived from the available 2D NMR spectra.
The algorithm is sophisticated and is based on utilizing a method of logical proof by
reduction ad absurdum. For instance, an indication of the presence of contradictions
in two-dimensional data can serve a conclusion: the data could be considered
consistent only in those cases where the valence of at least one carbon atom was
assumed to be five or six, which is impossible. Because the algorithm is based on
some heuristic statements it gives no guarantee that contradictions will be detected
in any case. Experience has shown that analysis is successful in approximately
90 % of those problems where nonstandard connectivities existed in the data.

For MCD checking the command Structure Elucidation/Check Current
MCD... is activated in the menu Structure Elucidation (Fig. 2.6).

As a result the dialog window Check MCDs Options (Fig. 2.7) is opened.
Typical options which are used for the first program run are displayed in Fig. 2.7.

The options should correspond to the conditions and assumptions postulated by
the user as being true during structure generation. If the check box Automatically
Resolve Contradictions is selected the program will try to elongate all connec-
tivities emanating from “suspicious” atoms by one bond. The relevance of the other
check boxes is easily interpreted, but some explanations are necessary. The Atom
Property Correlation Table (APCT) is commonly used for automatic atom property
setting with “standard intervals” as shown in Fig. 2.7. The “wide intervals” can also
be selected by the user or, if necessary, the APCT may be switched off by selecting
the option “not used” (see Fig. 2.8, left part). For 2D NMR spectrum processing the
option “Real Spectrum” is selected when real problems are solved (Fig. 2.8, right
part).
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Fig. 2.8 The options of APCT (left) and possible selections for the field Process 2D NMR (right)
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Fig. 2.9 Check MCD Results messages. The left message is delivered by the program if no
contradictions were detected in 2D NMR data. If contradictions were detected the right message
appears

When MCD checking is completed (it usually takes 1-3 s) the program displays
a message containing information about the presence or absence of contradictions
in the 2D NMR data. Examples of Check MCD Results messages are shown in
Fig. 2.9.

When pressing on the key More. .. the user can see information about “suspicious”
atoms and program suggestions about the minimum number of nonstandard
connectivities. If no contradictions were detected then Strict Structure Generation can
be performed, otherwise some different mode of the structure elucidation software is
utilized (see Sect. 2.3).

A situation can be realized, however (see examples in Chap. 5), when generation
of structures corresponding to all of the defined connectivities, including the non-
standard ones, is possible. Generation is possible because the program fails to
identify the nonstandard connectivities. This leads to either an invalid solution or to
a valid solution in which chemical shift assignment for the right structure is
incorrect. Therefore it can happen, even after seemingly successful checking of the
data for contradictions, that nonstandard connectivities will nevertheless remain
unnoticed by the algorithm. Their presence can only be identified a posteriori in
indirect ways, for which the following conditions exist:

(a) large value(s) for the 13C NMR spectral deviations calculated for the most
probable structure(s);

(b) inconsistencies between the most probable structure and additional experi-
mental data (for instance, NOESY, ROESY, etc.);

(c) disagreement between the chemical shifts and multiplicities of the experi-
mental and calculated data of 'H NMR spectra;

(d) the structures contradict IR/Raman correlations and/or interpretation of a mass
spectrum.
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The nonstandard connectivities that do not prevent the structure from being built
are termed implicit nonstandard connectivities.

As the identification of implicit nonstandard connectivities cannot be guaran-
teed, since any of the given connectivities may be nonstandard, a method for
removing nonstandard connectivities was developed which in the majority of cases
allows for the identification of a valid solution even in this situation. As the method
will be described in detail in Sect. 2.3, here we will explain only the main idea of
the approach allowing the problem of implicit nonstandard connectivities to be
circumvented.

Some connectivities are declared, as a series, as suspicious and are lengthened or
eliminated. Each time structure generation is initiated with a renewed connectivity
set. This process is termed as Fuzzy Structure Generation (FSG).

Let n be the total number of connectivities in the 2D NMR data and m be the
number of connectivities that are suggested to be nonstandard. In this case it is
necessary to consider N = (2) = Wlm), different sets of m connectivities that will
be declared as suspicious. If all N combinations of connectivities were used for
structure generation, then the calculation time would increase dramatically as the
number of tasks resulting in structure generation sharply increases with the rise in
the m value.

Declaring members of the connectivity sets to be suspicious is used to search for
atoms and pairs of atoms with nonstandard connectivities as well as for the direct
determination of the presence of nonstandard connectivities. In these cases the
program usually lengthens or deletes all connectivities belonging to the atoms
selected during data analysis. In so doing, both nonstandard and standard con-
nectivities are deliberately lengthened or deleted, which correspondingly leads to an
increase in the number of structures generated. If only the definite connectivities
(related to atoms for which the presence of nonstandard connectivities are revealed),
are lengthened or deleted, then the number of generated structures will be con-
siderably lower. The methodology and strategy of FSG will be discussed in
Sect. 2.3.

2.2 Modes of the Structure Generation

In this section we will consider the main modes of the StrucEluc system. The
program is capable of elucidating the chemical structure of much larger molecules,
up to a mass of 1,500 amu to date, and containing more than 100 skeletal atoms.
Typically, this task is accomplished from the analysis of 2D NMR spectral data. In
general the system has been designed to elucidate structures containing up to 250
skeletal atoms. The capabilities of the StrucEluc system in terms of general utility
as a tool for the structure elucidation of complex molecules, especially natural



66 2 Strategies of Structure Elucidation

products, has been demonstrated in many publications [8—12] (see reviews [11, 13]
and the monograph [14]).

It should be emphasized that a large number of problems can be solved using
only a molecular formula, heteronuclear (HSQC/HMQC, HMBC, or COLOC) and
homonuclear (H-H COSY) 2D NMR correlations and without using any additional
structural information. In this mode of operation, referred to as the Common mode,
the system creates connectivities from the spectral data and generates all possible
structures in accordance with the default settings for the number of intervening
bonds between corresponding skeletal atoms and with atom properties including the
state of hybridization and the possibility of taking neighboring heteroatoms into
account.

However, it turned out that there were problems that could not be solved or
proved to be very time-consuming due to a lack of information in the 2D NMR data
(see, for example, Sect. 4.34). In these cases it proved necessary to introduce
additional structural information, if available, to facilitate the elucidation process. In
the real world, it is common for a chemist or spectroscopist faced with elucidating a
structure to have prior knowledge of reaction components in a synthesis, knowledge
of the class of compounds that may have been isolated, or even hypothetical
structures for validation rather than full elucidation from no information.

It has been shown [14] that the utilization of molecular fragments found from the
system knowledge base, or potential substructures proposed by the chemist, can be
helpful to circumvent the difficulties. Such a fragment approach has been used in a
number of first-generation expert systems based on correlation tables containing
substructures and their associated characteristic intervals for specific spectral fea-
tures. In contrast, StrucEluc employs a database containing substructures and their
associated '>C NMR subspectra. At present the StrucEluc database contains more
than 290,000 chemical structures and more than two million substructures. The
database continues to grow as further literature data is added. The value of
including substructures directly into the elucidation process is that a fragment,
considered as a macro atom, can absorb a significant number of the skeletal atoms
and leads to a reduction in the complexity of the problem. This results in accel-
eration of the structure generation procedure, which is typically the most time-
consuming stage of the structure elucidation process.

Nevertheless, in those cases when 2D NMR data is employed, the usage of
molecular fragments is hampered by the fact that all carbon atoms existing in a
fragment utilized in solving the problem must be supplied with chemical shifts.
Moreover, the values of these chemical shifts must be as close as possible to the
observed values for the atoms of the corresponding fragments in the experimental
3C NMR spectrum of the unknown under study. Particularly, the approximate
chemical shift values of carbon atoms can be found using ACD/C NMR Predictor.
Before structure generation all approximate chemical shift values set for fragment
carbon atoms should be replaced by experimental chemical shifts closest to
those ascribed to fragment atoms. The reason for this requirement is obvious: the
utilization of 2D NMR correlations implies the possibility to use only observed
experimental chemical shifts. The accommodation of one or more fragments within
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a set of connectivities derived from the 2D NMR data is a problem that requires the
development of new algorithms. In this chapter we will discuss different strategies
for applying the StrucEluc system. Depending on the initial data available, and the
complexity of the molecule being analyzed, the system offers a wide range of
methods for solving a problem.

2.2.1 The “Common” 2D NMR Mode

The StrucEluc system is based on a number of programs developed for elucidating
a molecular structure from a combination of 2D NMR spectra. The most typical
combination providing the basis for structure determination includes H-H COSY,
HSQC/HMQC, and HMBC. The StrucEluc system also operates with additional 2D
NMR methods: ROESY, NOESY, TOCSY, ADEQUATE, and INADEQUATE
[15]. Other methods can also be used by the system through a flexible procedure
that allows input and processing of experimental 2D NMR data.

Prior to the structure generation the MCD is checked for the presence of con-
tradictions (see Sect. 2.1.4).

The data collected in connectivity tables and graphically presented as an MCD
are used as the input information for the 2D structure generator. If MCD checking
shows that the 2D NMR data are consistent then Strict Structure Generation is
initiated. Structures are generated under constraints determined from the molecular
formula, the MCD, and any additional constraints which may be introduced by the
chemist. The structure generator is based on mathematical algorithms developed by
Molodtsov, who enhanced them during the Structure Elucidator program devel-
opment [6, 14].

In general, structure generation is initiated by the command Structure Eluci-
dation/Run CSB Generator (CSB, Correlation Spectroscopy Based). Structure
generation will be performed from all existing MCDs in series upon executing this
command. The command Structure Elucidation/Run SCB Generator from
Current MCD allows structure generation to be performed from one MCD
selected by the chemist. Figure 2.10 shows the dialog window associated with the
CSB Generator Options.

The meanings of the majority of options are intuitively clear, but some of them
require explanation. Estimate Generation Time Only is selected if the initial data
is fairly uncertain and it is desirable to provide an estimate of the generation time
and the number of generated structures is expected to be manageable.

The options Add Generation Results to User Notes and Save Project After
Generation is Completed are recommended to be selected if it becomes clear that
structure generation will be time-consuming (for instance, if the program is left to
work overnight).

A group of options Use Connectivities from allows the chemist utilizing dif-
ferent combinations of 2D NMR spectra during structure generation. For instance,
the presence of 3—5 nonstandard connectivities of *J length in the COSY data may
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Fig. 2.10 CSB Generator Options

markedly elongate the time of FSG which makes it more advantageous to deselect
the COSY check box and proceed with structure generation from the HMBC data

only.

The options Spectra Calculation and Allow Filtering during Generation are
used in combination and play an important role in the structure elucidation process.
The purpose of these options is to reject generated structures for which predicted
chemical shifts differ dramatically from the experimental shifts. On the level of the
spectral filter, a rough spectrum prediction is realized by intervals of characteristic
spectral features. If at least one "*C or "H NMR chemical shift assigned to an atom
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of a generated structure does not meet the corresponding spectral interval, the
structure is rejected by the filter. As it is impossible to take into account the
influence of all conceivable environments of a given atom in a molecule on an
atom’s chemical shift sometimes the filter can reject a correct structure. Therefore,
to minimize risk of the correct structure loss the Spectrum Calculation option can
be used. For this aim it is necessary to select the commands Calculate Carbon
Spectrum for Complete Structures and Reject Complete Structures with Dif-
ference (in ppm) more than and indicate the average and maximum deviations
which will be used as thresholds for the current structure rejection. '*C chemical
shift prediction is performed by the Incremental approach which shows a high
speed of calculation (~30,000 chemical shifts/s). In reality, it is practically
impossible to notice if the '*C chemical shift calculation was used or not used
during the structure generation. Experience has shown that the thresholds d = 4-5
and d,.x = 20-25 ppm are optimal values providing an output structural file of a
manageable size. When the option Spectrum Calculation is used, in the dialog
window Filter Options a check box Carbon Assignment is automatically selected
and the fields Maximum Match Factor and Maximum Shift Difference
are automatically filled in as shown in Fig. 2.11.

Thus, when "*C spectrum calculation is activated the filter can be used both as a
mechanism intended only for structure rejection in correspondence with the cal-
culated '*C NMR chemical shifts and as a “standalone” spectral and structural filter.
If the filter is used only as a facility of the '*C chemical shift calculation procedure
then the check boxes Library Intervals and HNMR Spectrum must be deselected,
while all structural constraints shown in the left part of the dialog window can be
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used at the same time. If the filter is used in a mode where Spectrum Calculation is
disabled it is necessary to check if the option Carbon Assignment is also des-
elected, otherwise the filter will reject all structures because they have no deviations
for comparison. It is expected that if Spectrum Calculation and spectral filtering
are used simultaneously (check boxes Library Intervals and HNMR Spectrum
are selected) the output structure file will be of minimum size.

A question arises: Which method of reducing the output structural file and
rejecting deliberately invalid structures is optimal? We suppose that the sequence of
operation which was traditional for all expert systems “Fragment Selec-
tion — Structure Generation — Structure Spectral Filtering” can be modified now.
The Structure Spectral Filtering can be replaced by Spectrum Calculation and
utilization of the spectral filtering only for rejection structures which do not satisfy
the threshold criteria d < 4-5 and d,x < 20-25 ppm. As a result only structures that
went through this stage will be saved. In this case, checking structures by '*C and
'"H NMR characteristic spectral intervals can be used as an additional aid for
verification of the saved structures.

Generated structures can be inspected by clicking on the key MOL in the toolbar
of the main window of the program. Then '*C NMR spectrum prediction is per-
formed for all structures included in the output file and the structures are ranked in
order of increasing d value using the method described in detail in the following
section. To perform the NMR spectrum calculation it is necessary to press on the
key Tools on the Toolbar and select a spectrum that should be predicted in the drop-
down menu (Fig. 2.12).

If the user wants to predict chemical shifts for several kinds of NMR spectra by
different methods of spectrum calculation, the command All Spectra... should be
activated. In the dialog window Select Spectra to Calculate (Fig. 2.13) the cor-
responding spectra are chosen by check box selections. As a default chemical shifts
will be calculated for all structures in a given structure file, but a Maximum
Number of Processed Structures can also be specified.

If the user has his own structural hypothesis the proposed structure can be drawn
in the PM (Proposed Molecule) window and '*C and 'H chemical shift assignment
can be performed (use the tool Edit Atom Properties). Then the system can be
used for verification of the proposed structure and the associated '>C and "H NMR
signal assignments by all available two-dimensional NMR spectra. For this pur-
pose, a command Structure/Check by 2D NMR Data (1) is activated. If any
nonstandard connectivities are found, the program displays a textual message
detailing the cause(s) of the conflict(s). At the same time all connectivities are
shown on the structure in graphical form. To ease visual analysis, nonstandard
connectivities are marked in red.

2.2.1.1 Selection of Preferable Structure

As previously mentioned, in general, selection of the preferable structure is reduced
to NMR chemical shift prediction for structures included into the output file and
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Fig. 2.12 Drop-down menu Tools

structure ranking in increasing order of deviation values. The StrucEluc system
provides the following procedure for identifying the most probable structure in the
output file.

First step ">*C NMR spectra are predicted for all generated structures using an
incremental method, the fast method, and d; values, the average deviation of an
experimental >C NMR spectrum versus predicted chemical shifts, are calculated.
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If '*C chemical shift calculation is used during structure generation this step is
skipped.

Second step Duplicate structures in the output file are deleted (Tools\Remove
Duplicate Structures..., Fig. 2.12). Among the generated structures there are
usually duplicates that differ from each other only in terms of the assignment of the
chemical shifts to different carbon atoms. If this possibility is not appropriately
considered when deleting isomorphic structures, then the structure with the correct
assignment of the chemical shifts could conceivably be the deleted isomorphic
structure. To avoid this eventuality, the system executes a special procedure for
duplicate removal. For each duplicate family only the structure that has the mini-
mum d; value is retained in the file as “the best representative” of the family. After
duplicates are removed, the structures are then ranked by the d; value and sorted in
ascending order (Tools\Sort Structures by\C NMR Spectrum (Increments),
Fig. 2.12). The smallest d; value indicates the best match between the experimental
and calculated spectra and this structure will therefore be the first in the list.
Experience shows that the incremental calculation of *C NMR spectra and their
subsequent ranking usually places the correct structure among the first several
structures at the top of the list. Only in rare instances will the correct structure be
listed below fifth place. Such a preliminary ranking of the big resulting files can
help to reject thousands and tens of thousands of structures that are known to be
unsuitable.

Third step "*C chemical shift prediction is carried out using an NN algorithm
and the structure file is ranked again with dy deviations. If the resulting file is
extremely large the calculations can be applied only to the first several thousand
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structures (it will take several seconds). As a result of this step the preferable
structure is selected with greater reliability.

If the initial structure file is not too large it is desirable to perform removal of
duplicates after calculating d; and dy values: selection of the same best
structure by both incremental and neural net approaches will raise the
probability of obtaining the right structure with correct chemical shift
assignment.

For the user’s convenience the ranked file can be displayed in a Tile mode for
which it is necessary to press the icon to Display Structure and Tile in the

Toolbar.

A right mouse click on the field where the list of structures is displayed leads to
the appearance of a menu (Fig. 2.14). This menu contains intuitively understand-
able functions which allow the user to manage information associated with struc-
tures displayed in the Tile mode.

Fourth step During the fourth stage '>*C NMR spectra are usually calculated for
the first 10-50 (sometimes up to 100) structures of the ranked file using a fragmental
method based on the HOSE code approach (this procedure can take several minutes).
The average deviation values between the experimental and calculated values (d4)
are found and the structures are again rank ordered. Subsequent ranking increases the
probability of moving the correct structure to the first position in the list. For
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additional control over the correct choice of the output structure, the HOSE code-
based proton chemical shifts can be predicted and displayed together with the cor-
responding deviation value dy. A complex match factor deompiex = dn(C) + 10dy (H)
can also be used for ranking the structures in the output file.

The position of the correct structure in the file determines its rank depending on the
type of ranking parameter, i.e., dy, dy, d, dy, OT dcompiex cOTrespondingly. The “rates” of
the correct structure in the ranked file are denoted as ry, r4, 7, and ry. If the correct
structure is the first in the list ranked by d4 values, then r4 = 1. As a rule, the final
structural ranking is carried out according to increasing d, and dy values, while
magnitudes of the d; and dy parameters serve as secondary aids for estimat-
ing the reliability of the correct structure selection. The accuracy of chemical shift
prediction for each carbon atom can be evaluated visually by pressing the toolbar button
Show\Hide Carbon Assignment. The accuracy is marked by colored circles
on the atoms, while the following colors are used: green—the difference A between the
experimental and predicted chemical shifts is not higher than 3 ppm (A < 3 ppm), yellow
—3 <A< 15 ppm, red—A > 15 ppm. All kinds of information related to structures can

be visualized using the following icons on the toolbar: | # = and i v . The first of

them allows the experimental and predicted 'y, 13C, and >N NMR chemical shifts to
be displayed as well as different representations of atom numbering (Fig. 2.15, left).
The second button is used to display the kinds of connectivities that are selected by the
user (Fig. 2.15, right).

The top structures or selected structures displayed in the Tile mode can be
copied to the ChemSketch window by the command File\Create Report\List of
Structures as shown in Fig. 2.16.

When the first and second ranked structures contain markedly differing structural
elements, then the prediction of the MS match factor (m;, where i is the position of a
structure in the ranked file) may also be useful for confirmation of the preferable
structure. For this purpose, it is necessary to activate the command Mass Spectrum
Assignment Value, Fig. 2.12. The system utilizes a routine that is capable of
calculating the percentage of peaks in the experimental MS spectrum that can be
interpreted on the basis of a given structure. The calculation of the MS match factor
is relatively time-consuming, so it is worth using it only in those cases when the
difference Ap-1y = da(2) — da(1) is small. Here ds(1) and d4(2) represent the
deviations corresponding to the first and second structures in the ranked file.

In ambiguous cases it may be useful to display the calculated 'H NMR spectra in
graphical form. Also, to facilitate structure analysis in the output file, the StrucEluc
system is supplied with a feature that calculates structural similarity coefficients
(Structure\Similarity Search in\Generated Molecules). In this way if the
investigator has an idea of the class of structure under investigation he can use this
structure as an input to allow rank ordering relative to the structural similarity of the
results file.
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Fig. 2.15 Left visualizing experimental and predicted 'H, '>C, and >N NMR chemical shifts and
different types of atom numbering. Right visualizing connectivities of different origin and different
length

When the best structure is selected the following question can be posed: which
structures would be generated if all theoretically possible HMBC and/or COSY
correlations (types of 2D NMR spectra are selected by the user) were observed in
the experimental spectra? The command Structure\Create Project from Struc-
ture is used to provide the answer to this question. The program creates a new
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Fig. 2.16 A part of the File menu containing commands which are utilized for copying a List of
Structures to ChemSketch

project with the MCD containing all theoretically possible connectivities from
which structure generation can be performed.

2.2.2 Application of Fragments in Combination with 2D
NMR Data

Computer-assisted structure elucidation using 2D NMR data is quite efficient for the
elucidation of structures of complex organic molecules. However, if the structural
restrictions imposed by the MCD are not sufficient for the generation of a rea-
sonable number of possible structures within an appropriate time, it is to be
expected that the utilization of molecular fragments can help facilitate the solving of
the problem. Commonly appropriate fragments to aid in the solution of a problem
can be found in the Structure Elucidator knowledge base. The main advantage of
these fragments is that all fragment carbon atoms are supplied with the '>C NMR
assignments obtained from the full structures that were used for creation of the
fragment database-Fragment Library.

The first step of the process is a fragment search of the Fragment Library which
is initiated by the command Structure Elucidation\Search Fragments by C NMR
Spectrum (Fig. 2.17). To change the default options the researcher can use the
dialog window Search Fragments by >*C NMR Spectrum Options (Fig. 2.17).

If the radio button From Molecular Formula is selected, all the Found Frag-
ments will have molecular compositions not exceeding the Molecular Formula.
Utilization of 2D NMR connectivities and usage of the filter during fragment search
can optionally be activated by the user. When the fragment search process is
completed the Found Fragments are displayed in the Found Fragment window
(View\Structures List\Found Fragments, Fig. 2.18).

As a result of the fragment search a set of L Found Fragments is selected. The
next step is the creation of MCDs using the found fragments (FF), for which the
command Structure Elucidation\Create MCDs Using Fragments is activated
(see Fig. 2.6), and then the dialog window Create MCDs Options is opened
(Fig. 2.19). For the first run automatic determination of most options is allowed.
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For MCD creation the selected number of FFs can be set either by the operator or
by the program—automatically. The main idea of the algorithm that implements
this procedure is as follows. The chemist defines the number of fragments, [ (I < L),
that will be used for MCD creation and sets an error, E, that defines the maximum
difference allowed between the chemical shifts of the fragment carbons and the
corresponding values observed in the experimental spectrum under study. The
situation is common when several experimental chemical shifts are close to the
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Fig. 2.19 The dialog box Create MCDs Options
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chemical shift assigned to a given carbon atom of a fragment. It is important to note
that both parameters, [ and E, are closely interrelated and choosing the most efficient
values may be a matter of trial and error.

The '*C NMR subspectrum of each fragment is compared with all experimental
chemical shifts. The number of hydrogen atoms attached to a carbon atom is taken
into account during this process. Consider a fragment that contains n carbon atoms
and an arbitrary atom C; of the fragment has a chemical shift 6, (i = 1 + n) and
multiplicity m;. Suppose that the experimental chemical shifts d;;, d;2, ... dig, ... dip
meet the conditions |0—d;,| < E and m; = m;,. Then, all possibilities of substituting
the §; values for the experimental values 6;1, dp, ... i, ... J;, must be verified.

If the conditions|d; — d;,| < E and m; = m;, hold for all f carbon atoms, then the
given fragment is recognized as a candidate for inclusion in the process of creating
the MCD. If this condition does not hold then the fragment is excluded from
consideration. The program also checks whether the carbon atom assignments
correspond to the experimental chemical shift correlations comprising the skeletal
atoms making up the fragment. The fragments that survive the test are then included
in the set of prospective fragments.

The more the skeletal atoms “absorbed” by the fragments, the shorter is the
process of structure elucidation. With this in mind an algorithm that combines the
prospective fragments within one MCD was developed. To realize this procedure, all
possible combinations of prospective fragments are searched and only combinations
that are in agreement with the experimental 2D NMR correlations are chosen. The
fragment combinations that pass this examination form a set of prospective fragment
combinations. These fragments are then “projected” onto the MCDs together with
any remaining free atoms. The user can then visually analyze these MCDs.

The total number of MCDs, nyicp, depends on the following parameters which
are defined by the user:

L number of found fragments which will be used for the creation of MCDs (I < L);

ny the minimal number of fragments that must be present in each MCD;

g the minimum percentage of all skeletal atoms that must be absorbed by the
fragments present in each MCD.

In general the more the atoms that are “absorbed” by the fragments accepted by
an MCD, the greater the likelihood that the process of structure generation from the
given MCD will be more time efficient.

The speed of structure generation depends on the size of the molecular frag-
ments. If the number of small fragments composing the MCD is large enough, then
this will speed up the generation. Structure generation is much faster when the
MCD comprises a small number of big fragments. Depending on the size of
the molecule being analyzed and the size of fragments placed at the beginning of the
ranked list of FFs, the n; value is usually defined as a number from 1 to 4. The most
efficient results are obtained if ¢ is significant, generally 40-60 %. The dialog
window which is used for setting the minimum and maximum numbers of frag-
ments included into the created MCDs is presented in Fig. 2.20.
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Combine [User)
[~ Determine Automatically
M aximum Number of Fragments Included in MCD

Minimum Number of Fragments Included in MCD
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=
=1
1[»

Minimum Percent of Replaced MCD's Atoms

Fig. 2.20 The dialog window Combine which is used for setting the minimum and maximum
number of fragments included into the created MCDs

The conclusion of all further verification procedures is a check of all produced
MCDs for contradictions. The program offers an option that deletes all MCDs that
are recognized as contradictory. The diagrams remaining after checking can be used
in the structure generation process. The user has the opportunity to omit the con-
nectivity verification because contradictory MCDs will be detected and rejected in
the process of structure generation. Moreover, for the process of structure gener-
ation the user can select one or more MCDs that are attractive to the user who may
have prior knowledge of a particular structure class or target structure. To alleviate
having to choose a preferable MCD they are automatically ranked in order of the
increasing number of free carbons. In this way it is possible to select a series of
appropriate MCDs, starting from that ranked first.

The number of MCDs produced from a given set of fragments can be rather large
(sometimes the nycp value is greater than one thousand). To provide for the
possibility to edit a big set of MCDs a special procedure was elaborated, which
allows one to transfer all changes made in the first MCD to all the MCD sets (MCD
\Apply Properties to All MCDs). In particular, it is possible to specify options
which transfer atom coordinates, zoom factor, atom properties, manually drawn
connectivities, and connectivities automatically modified during the MCD checking
for presence of contradictions. This procedure essentially alleviates using a priori
information in the fragment mode of structure elucidation.

In the process of analyzing a novel compound it is entirely possible that there
will be no fragments in the database that will reduce the magnitude of the challenge.
It is natural in such cases to expect that the introduction of user-defined fragments
may help to form the MCDs. The main qualitative difference between a found
fragment (FF), and a user fragment (UF), is that the FF already contains carbon
atoms with assigned chemical shifts while the carbon atoms of the UF have no
carbon chemical shift assignments. Two ways have been suggested to introduce
UFs into the program:

e Calculate the carbon chemical shifts of the fragment using the HOSE code-
based method (see Sect. 1.4.1.1);
e Search the KB for fragments that comprise the user fragment.

It is likely that fragments from at least one of the two sources would be available
for use by the program.
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2.2.2.1 Choice of E Value

In the process of MCD creation from fragments, the E value is of great importance
since it markedly influences the result of applying the fragments. There are a
number of principles governing the selection of the E value. As a rule, the smaller
the value of E, the smaller the number of MCDs, nycp, created from FFs. The
advantage of a small number of MCDs is of course that it can reduce the time for
structure generation, f,. At the same time, f, is also a function of the fragment
dimensions. Larger fragments generally shorten the structure generation process.
However, if a fragment is large and correspondingly contains many assigned carbon
atoms, then as a consequence it is not as likely that all carbon atoms, especially the
terminal ones, of a large fragment will fit the experimental shifts thereby satisfying
a narrow interval for £F. The program automatically sets the E value for terminal
atoms equal to 12 ppm to account for this issue (Fig. 2.21).

Large fragments are the most useful but to utilize them in the structure eluci-
dation process a large E value is frequently necessary. A large E value can cor-
respondingly increase the nycp value. The optimal approach would be to set a large
enough E value and select only those MCDs containing large fragments for the
structure generation. This principle therefore justifies manual (user) or automatic
rejection of MCDs containing small fragments. With testing it has been shown that
the optimal program parameter controlling the minimum number of carbon atoms in
the fragment used for MCD creating should be set to a value of five. Unfortunately,
it is impossible to determine an optimal E that is valid for a diverse range of
problems. The value of E should be optimized for each task by gradually increasing
the E value starting from 1.5 ppm. This procedure can be performed manually or
automatically during structure generation.

2.3 Nonstandard Correlations and Fuzzy Structure
Generation

2.3.1 Challenge of Nonstandard Spectral Responses
CASE 2D NMR methodology can provide solutions for computer-assisted structure
elucidation tasks in a reasonable time if the initial data (NMR, MS, IR, chemical

Assinnment Ontinns

Search (User)

[~ Determine Automatically | Use Group Assignment
Minimum CNMR Chemical Shift Tolerance (ppm) |1 5 3:

Tolerance for "First Sphere” Atoms (ppm)

.

Tolerance for "Second Sphere" Atoms (ppm)

Fig. 2.21 Selection of '*C chemical shift tolerances for creation of MCDs from FFs. Minimum C
NMR chemical shift tolerance E is 1.5 ppm
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assumptions, etc.) are true, consistent, and complete. The latter means that the
number of observed 2D NMR correlations is large enough to sufficiently define
the connectivities within a structure. If at least one of these conditions is violated
the possibility to somehow find a correct solution to the problem decreases sig-
nificantly. As mentioned earlier, methods to overcome the presence of contradic-
tions in experimental data have been suggested. The corresponding algorithms have
been developed and implemented in the StrucEluc system. In this chapter we will
consider the different StrucEluc-based strategies for molecular structure elucidation
in those situations when 2D NMR spectra contain nonstandard correlations (NSCs).

As a result of a series of computational experiments it has been shown that the
program was capable of determining the presence of connectivities of nonstandard
length in 90 % of all cases using the MCD checking procedure described in
Sect. 2.1.4. These results are very encouraging since routine experimental methods
guaranteeing the precise determination of COSY and HMBC connectivity lengths
are not available. Knowledge of the presence of contradictions in 2D NMR data
gives the investigator valuable information that can determine the strategy of
structure elucidation with these data. An erroneous program report regarding the
presence of nonstandard connectivities may appear if properties of at least one atom
are assigned incorrectly (for instance, label “fb” is set instead of “0b”). A “false”
message can also appear in those relatively rare cases when an unknown under
study contains a pair of bonded heteroatoms, but the absence of such atomic pairs is
set in the program options. In these situations a program message regarding the
existence of contradictions can help the chemist to reveal the presence of bonded
heteroatoms (see examples in Part III). There were no other cases of incorrect
detection of nonstandard connectivities where contradictions in 2D NMR data were
not present. The program frequently not only identifies the contradictions in the
data correctly, but is able to successfully remove them automatically to allow
determination of the correct structure. The program was unable to detect the
presence of NSCs when 2D NMR data mainly contained only one HMBC non-
standard connectivity. This occurrence can be explained by the fact that if there are
only one or two HMBC nonstandard connectivities in the data, the atoms in a
conceivable structure may be arranged so that their arrangement complies with the
standard length of all connectivities. If the number of NSCs is large, such an
arrangement of atoms is unlikely. The presence of implicit nonstandard connec-
tivities can become apparent as a result of structure generation and
subsequent structure filtration with the use of spectral libraries: if all the generated
structures obviously contradict the spectral data, the program produces an empty
results file. Indirect evidence of the possibility that contradictions were not detected
may not only be an empty result file but large values, more than 3.5-4.5 ppm, of the
chemical shift deviations, d4 and dy, calculated for the first ranked structure.
Investigations have shown that nonstandard connectivities were detected by both
direct and indirect methods for 95 % of the analyzed tasks containing contradictory
data. If there are reasons to assume that the program did not detect contradictions in
the initial data it would be highly likely that the problem could be solved with the
use of Fuzzy Structure Generation as will be described in Chap. 5.
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Since it is possible that 2D NMR data can contain implicit nonstandard con-
nectivities, the most probable structure generally requires additional verification by
independent methods. Particularly, incorrect structures can be rejected on the basis
of predicted chemical shifts and multiplets in the "H NMR spectrum. However the
most effective method, as we will see, is application of FSG. If the structure is
generated after automated removal of contradictions then it is still desirable to
check for the presence of nonstandard connectivities. The connectivities can be
verified with appropriate experimental parameter optimization to probe the values
of the spin couplings [4, 5].

Therefore, it is not always possible to find nonstandard connectivities and to
automatically resolve the contradictions in 2D NMR data sets. In practice, the
following difficult situations accounting for the presence of NSCs may typically
arise:

1. The program detects the presence of NSCs and makes an attempt to remove the
contradictions in the data but then reports that contradictions cannot be removed
automatically. Frequently, FSG can help to solve the problem. Generally,
additional experiments are required in an effort to detect NSCs.

2. The program fails to detect nonstandard connectivities and displays a message
informing the researcher about the absence of contradictions. In this case strict
structure generation is initiated. The following outcomes are possible: (a) no
structure is generated and saved after filtering; (b) the wrong structure(s) is
generated, which can generally be recognized because of the large values of the
3C experimental versus predicted deviations. Again FSG can help in this
situation.

3. The program detects the presence of nonstandard connectivities, makes an
attempt to remove the contradictions in the data, and displays a message that the
contradictions were removed, though in fact, some contradictions still remain.
This is due to the fact that not all nonstandard connectivities are lengthened.
Possible nondesirable consequences, and the methods to overcome them, are
similar to those listed for Point 2 above.

It should be obvious that the most dangerous situations are when incorrect
solutions are produced and these can occur for Points 2 and 3 above. Even in those
cases when the program is not able to remove detected contradictions, specifically
case 1, the fact that contradictions are detected is of great importance for selection
of an optimal method of problem solving.

2.3.2 Solving Problems Using Fuzzy Structure Generation

In those cases when correlations are present in the 2D NMR data with "J where
n > 4, the method of automatic removal of contradictions, unfortunately, does not
work. The augmentation of the path between two intervening nuclei by one bond
obviously cannot lead to the generation of a correct structure in this case. Moreover,
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due to a lack of constraints that are to be logically analyzed, even in those cases
when n = 4 the algorithm gives no guarantee that all nonstandard correlations will
be found and corrected. For example, the greater the number of carbon atoms with
properly defined properties (in regard to the type of hybridization and different
heteroatom neighborhoods) and/or the higher the total number of available 2D
NMR connectivities, the higher the probability of successfully performing logical
analysis to arrive at the correct structure. In contrast, severely proton-deficient
molecules are among the most challenging. Obviously, the problem becomes more
computationally complicated as the size and complexity of a molecule increases.

The number of NSCs contained within the 2D NMR data associated with a
molecule, m, can be rather large—up to about 20 correlations. At the same time, to
remove contradictions the augmentation of standard correlation lengths, @, could be
1-3. As an example of such situations several structures taken from the literature
are used to demonstrate those examples with a large number of NSCs including
3J and ©J coupling constants (see Fig. 2.22).

Fig. 2.22 An illustration of a (a)

number of structures HiCx
containing multiple
nonstandard correlations.
am=15,a=73][16];
bm=13,a=3[17];cm=38,
a=3[18];dm=18,a=2
[19]
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The nonstandard COSY correlations are shown as blue arrows and the HMBC
correlations by green arrows. In the legends for the structures m is the total number
of nonstandard correlations, and a (augmentation) is the value of correlation
lengthening allowed during the process of FSG.

To overcome the described difficulties, a computational approach was suggested
that has been defined as Fuzzy Structure Generation.

2.3.3 Modes of Fuzzy Structure Generation

Numerous computational experiments have allowed us to conclude that if the
program detects the presence of NSCs but fails to resolve contradictions in the 2D
NMR data using algorithms described in Sect. 2.1.4, then FSG should be used to
solve the problem. Moreover, it is quite probable that structure elucidation from 2D
NMR data on the basis of FSG can be considered as a general CASE strategy
because it is almost independent of the presence or absence of NSCs in the 2D
NMR data.

FSG can easily be controlled by parameters that make up a set of options. The two
main parameters are: m—number of nonstandard connectivities and a—the number
of bonds by which some connectivity lengths should be augmented. Unfortunately,
2D NMR spectral data cannot deliver definitive information regarding the values of
these variables and, as a matter of fact, both of them can be determined only during
the process of structure elucidation. It has been concluded that in many cases the risk
of choosing an erroneous value for a can be avoided and the solution of a problem
can be considerably simplified if the lengthening of the m connectivities is replaced
by their deletion. When set in the options the program can ignore by deletion
connectivity responses that have to be augmented (by convention, the parameter a is
set to a value of 16 in these cases). Such an approach can be successful in those cases
when the number of 2D NMR connectivities is in some sense optimal. In this sense
we mean that the total number of connectivities (structural constraints), N, must be
large enough to facilitate description of the chemical structure. In many instances
there are sufficient numbers of correlations in the ensemble of 2D NMR data
acquired to essentially over determine the structure—in other words there is
redundancy in some of the connectivity information. It can then be expected that
deletion of m of the connectivities will not dramatically influence either the gener-
ation time or the size of the output file. On the other hand, the number of combi-
nations of N connectivities taken m at a time can be very large. This can dramatically
impede problem solving to a point that it is not feasible to solve the problem. Indeed,
some researchers have commented that some of the ACCORDION-optimized long-
range heteronuclear shift correlation experiments [15] actually provide too many
long-range correlations of the type "Jxy where n > 4.

If the total number of connectivities, N, is small then further decreasing N by
m in a connectivity combination can lead to an excessive decrease in the number of
structural constraints required for solving the problem. In such a case the problem
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may be difficult to solve because the 2D NMR data structural constraints will only
reduce the total number of possible isomers very slightly.

Independent of the use of augmentation or removal of connectivities, the crucial
point in application of FSG is the number of connectivity combinations that should
be checked during structure generation. For instance, if N = 60 and m = 5 then the
number of connectivity combinations, nm,n = Cy, is equal to ~5.5 million. Any
attempt at structure generation has to be performed using each of these combina-
tions. It is necessary to perform generation of structures from each of the Cy data
sets and obtain the output file as a unification of all of the intermediate results.
Although the StrucEluc structure generator is fast, the productivity is certainly
insufficient in terms of coping with a combinatorial problem as outlined here.

To overcome this difficulty the system is delivered with an algorithm capable of
reducing the number of combinations without the risk of losing the correct solution.
The first step is to reduce the total number of connectivities N down to Ny, where N,
is the number of connectivities used to form the connectivity combinations. The
data are preprocessed according to the following rules: (1) ambiguous connectivi-
ties are excluded from consideration; (2) if two connectivities C1 to C2 and C2 to
C1 are present then only one of them is included in a data set. One of the two
equivalent correlations is redundant and corresponds to overdetermination of the
data needed for solution of the structure. The second and most important step is
based on the results of logical analysis of the initial 2D NMR data. If connectivity
sets containing NSCs are identified, then groups of these connectivities are utilized
to produce connectivity combinations. As a consequence connectivities that are
suspected to be nonstandard are included in all resulting combinations and the
initial number of combinations reduces. In addition, the algorithm is capable of
immediately detecting combinations of connectivities from which structure gener-
ation is impossible—a connectivity combination of this kind still contains at least
one NSC. These combinations are skipped during the structure generation process.
As a result FSG can be performed in a reasonable time even in those cases when
Nmam 18 very large. If the MCD checking process fails to detect nonstandard cor-
relations in the 2D NMR data (the probability of failure is about 10 %) the program
is forced to try all C}j connectivity combinations. This can drastically increase the
time to solve the problem and the described approach is inefficient. In these cases,
UFs and FFs can frequently be helpful. The ability of the program to calculate and
display the real number of connectivity combinations to be validated during FSG
allows the user to approximately evaluate the complexity of a given task even at the
first stage of the structure elucidation process.

When option parameters are combined in a different way it is possible to initiate
the following most appropriate modes of FSG:

Mode 1 Structures are generated such that the number of correlations that are
extended is specified (m = mg) and connectivity augmentation is also assigned
(a = agp). In this case for an HMBC correlation having a length of 1-2 skeletal bonds
both the lower and upper length limits are updated and the connectivity length is
extended to three bonds. Example: m = 3, a = 1, (Fig. 2.23).
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Fig. 2.23 Mode 1: Example

. . “Fuzzy" Generation l
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[~ Stop Generation when Stiuctures Generated
¥ Increment Estension Value Step-by-Ster
Allow the Correlation Length to be Extended by upto|1 <54 Bonds

Mode 2 Structure generation is performed using the following options: it is
assumed that the number of extendable (or ignored) connectivities can not exceed
Mumax, M =1, 2, ... M), While a is equal to ag. The my,,x value is defined as the
maximum allowed number of nonstandard correlations in the 2D NMR data.
Typically the my,,x value is set equal to 20 thereby covering a wide range of
nonstandard connectivities (see Fig. 2.22). The program initially performs structure
generation with a value of m = 1. If the attempt is unsuccessful then the m value is
automatically incremented by 1 and a new run is made with m = 2 and so on. An
iteration is declared unsuccessful if either no structure is stored after structure
generation and spectral filtration or if an unacceptable solution was found. When
m reaches the m, value the program considers the 2D NMR data to be consistent,
then FSG is initiated with m = m,. The program stops after completing structure
generation with m = m, if the output structure file is not empty and if an acceptable
solution is provided. Example: m = 1-20, a = 1, (Fig. 2.24).

Mode 3 The number of connectivities m is allowed to vary between m,;, and
Mumax Values (Myin < m < Mpy,ay), While the fixed number of bonds ay is set. The
minimum number m,;, is usually derived as a result of checking the 2D NMR data
for consistency. The program stops when similar conditions as described for Mode
2 are achieved. Example: m = 1-20, a = 1, (Fig. 2.25).

Mode 4 This mode is a generalization of Mode 3 where the interval for m value
variation is defined by the condition 7, < m < M, at My, = 0. The peculiarity of
this mode is that it is a “generalized” mode of structure generation and can be initiated
with m = 0. In this mode, the program starts by checking the hypothesis that NSCs are
absent in a given 2D NMR dataset. If the dataset does not contain nonstandard
connectivities then the program completes the process of structure generation and
the further solution of the problem is carried out as described previously (Sect. 2.2).

Fig. 2.24 Mode 2: Example
of fuzzy generation options
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Fig. 2.25 Mode 3: Example
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If an attempt with m = 0 proves to be unsuccessful then the program automatically
performs FSG starting with m = 1, a = 16 and continues problem solving in the manner
described earlier for Mode 3. The merit of such an approach is that no assumption
regarding the a value is necessary. Example: m = 0-20, a = 16, (Fig. 2.26).

Mode 5 This mode is initiated if it is necessary to perform FSG iteratively
covering all values of m starting from m,y;, to m,,x without exclusion. For example,
if structure generation is successful at m = m, then the program automatically
switches to m = m, + 1 and so on until it reaches m = M. The structures generated
at each step are added to those generated during the previous step. This mode is
useful to check the solution for stability to make sure that the best structures found
at steps m = m, and m = m, + 1 or higher are equivalent. Examples: m = 1-4,
a = 16:

(a) Generation is performed at m = 1, 2, 3, 4, and even if no structure is saved at
some m value the generation will be continued at m + 1 and so on (Fig. 2.27).

(b) If no structure is saved at some m value the generation will be stopped
(Fig. 2.28).

Mode 6 This mode resembles Mode 5, but the function of this mode is to
generate all structures for which the number of nonstandard connectivities is less or
equal to m at the given value of a. The corresponding options are denoted as
{m < my, a = ap}. The number of connectivity combinations from which FSG is
performed depends only on the Ny and m values. In contrast to the “step-by-step”
modes some combinations of the connectivities are united by this approach and this
in principle can speed up the calculations. When this procedure is performed only
the maximal lengths of HMBC connectivities (i.e., two skeletal bond lengths) are

Fig. 2.26 Mode 4: Example
of fuzzy generation options
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Fig. 2.27 Mode 5: Example of fuzzy generation options

Fig. 2.28 Mode 5: Example | “Fuzzy Generation =
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enlarged. For example, consider an HMBC connectivity between C-1 and C-2
atoms whose “standard” length is varied from 1 to 2 skeletal bonds. In this mode
the updated connectivity length varies from 1 to 3 skeletal bonds. It is important to
note that the number of nonisomorphic structures generated in this mode is equal to
the total number of nonisomorphic structures generated during all steps of Mode 5.
However, the total time necessary for completion of FSG can be significantly
different between these modes. Example: m = 4, a = 2, (Fig. 2.29).

Mode 7 This approach gives the researcher a chance to solve a problem in a fully
automated mode. To initiate this mode the commands “Allow Fuzzy Structure
Generation” and “Determine Options Automatically” are selected (see
Fig. 2.10). The program analyzes the 2D NMR data and depending on the results
makes a corresponding decision on the choice of the generation parameters and the

Fig. 2.29 Mode. 6: Exa}mple “Fuzzy” Generation H
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strategy of their application. If a problem can be solved in the Common Mode
(without using fragments) FSG with automatically determined parameters is very
effective.

Note that Mode 4 with the parameter a set equal to 16 (see an example below)
can be considered as the most comprehensive mode since in principle it will
solve a problem in which the 2D NMR data contain an unknown number of
nonstandard connectivities of an unknown length.

If the problem is successfully solved with a given set of options then the real
m and a values are reported by the program. Nonstandard connectivities are
observed visually from the resulting structure which is displayed along with all
COSY and HMBC connectivities. Nonstandard connectivities are easily recognized
as they are marked in a red color.

In addition to the approaches mentioned for controlling FSG there is also a
possibility to exclude the COSY data from the process of FSG as a user option (see
Fig. 2.10, the group Use Connectivities from...). In some cases, especially those
when the COSY data contain many NSCs and at the same time the HMBC data are
rich enough, the exclusion of the COSY data accelerates the solution of the
problem. Removal of weak peaks from COSY and HMBC spectra and elongation
of all COSY connectivities up to three bonds (correlations of 4JHH type) can also be
helpful. The presence of NSCs in the COSY data can sometimes be detected by
repeated MCD checking—with COSY data switched on and off.

2.3.4 The Strategy of Applying Fuzzy Structure Generation

The possibility of employing several different modes of FSG proves to be a very
flexible analytical tool. However, the diversity of modes available is also a source
of complexity since the user has to choose the optimal mode when solving a
specific problem. Before starting the calculations it is unclear which mode will lead
to a solution in a reasonable time.

An attempt was made to answer the question of whether there is a general
strategy of structure elucidation using FSG that works best. A set of more than 100
problems were selected where either the HMBC or COSY spectra, or both, con-
tained a total of 1-18 nonstandard connectivities corresponding to a range of
coupling constants "Jyy, cy Where n = 4-6. The structures under investigation were
all natural products and the number of skeletal atoms in the molecules varied
between 15 and 75 skeletal atoms.

For each problem the NMR spectral data were entered into the program and
graphically represented as MCDs. The procedure for checking the 2D NMR data
for contradictions was then applied to every problem. If the presence of NSCs was
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revealed then the program displayed the minimum number of nonstandard con-
nectivities and made an attempt to automatically resolve the contradictions as
described above. In successful cases the updated MCDs were displayed with
modified connectivities marked by violet color.

As aresult of these studies all problems were classified into three sets as follows:

(1) 53 problems were identified where NSCs were detected and the initial MCDs
were updated;

(2) 34 problems were identified where the program revealed the presence of NSCs
but failed to update the MCDs;

(3) 13 problems were identified where the program failed to detect NSCs.

This classification describes all conceivable results of checking the MCDs.
Depending on the results of checking the MCD, various modes or combinations of
modes can lead to a solution of the problem. Attempts to solve each problem were
made using different FSG modes to investigate possible approaches. The problems
for which valid solutions could not be found during the first attempt were even-
tually solved after utilizing different fuzzy generation options. Logical data pre-
processing frequently allowed significant reduction of the number of connectivity
combinations to be tested during FSG. Figure 2.30 shows the ratio p = neq/Mmath,
where 7eq is the number of tested connectivity combinations, nman = Cy, is the
theoretically calculated number of combinations. Figure 2.31 examines these
combinations in greater detail.

The figures demonstrate that the theoretical number of combinations can be
hundreds of billions but the real numbers reduce down to manageable dimensions.
For instance, in 20 problems the theoretical number dropped by 10°~10° times but
the real numbers of combinations still remained rather large. Nevertheless, the
speed of the structure generator algorithm was fast enough to solve almost all
problems.
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Ratio of combination numbers

Fig. 2.30 The ratio of the numbers of real connectivity combinations to the numbers of
theoretically possible combinations for the problems solved using FSG. The program failed to
reduce the number of combinations mainly in those cases when nonstandard connectivities were
not detected during checking of the MCD
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Fig. 2.31 A plot of the 14
logarithms of the theoretical
(red) and real (blue) numbers 12

of connectivity combinations

M Log Real
M Log Theor

Lg (combinations number)

Fuzzy Structure Generation did, however, fail for the elucidation of structure
d (C3,H5gNO,) in Fig. 2.22. The 2D NMR data contain 18 nonstandard connec-
tivities (12 HMBC and 6 COSY nonstandard connectivities; 5 connectivities are of
type 5J). The theoretical number n,,,, of connectivity combinations is equal to
~43 x 10" for this case. The difficulty could be circumvented by using the
Fragment Mode, but no large appropriate fragment was found in the database
during the '*C NMR search. The application of a large UF led to an extremely large
set of MCDs with each containing the UF with different distributions of the carbon
chemical shifts. As a result these two combinatorial “explosions” hampered prob-
lem solving. The solution of such computationally difficult problems will hopefully
be eased by further development of the algorithm providing fragment “imple-
mentation” in MCDs.

As a result of the studies described, general traits were identified that could help
to find appropriate ways to solve a problem. These strategies, as applied to the three
problem subsets mentioned above, are described in the following subsections.

2.3.4.1 NSCs Were Identified and the MCD Was Updated

Assuming that the MCD updating process was performed successfully (with the
lengths of all NSCs increased) then strict structure generation is performed. If an
acceptable solution is obtained then it should be checked for stability. FSG with the
options {m = my, + 20; stop at m = m,, a = 16} is started from the initial MCD, not
the updated MCD. The previously found solution will be confirmed if the first
ranked structures for both strict and fuzzy solutions coincide. When an inequality
dit(1) > d*(1, myg) is observed (d5(1)—the deviation calculated for the first
ranked structure of the solution found by strict structure generation, dy*(1, mg)—
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the same found by FSG at m = m,), then it is concluded that not all NSCs were
lengthened during updating of the MCD and Fuzzy Structure Generation should be
repeated with m, + 1 and so on until the minimum value of d'**(1, m, 4+ v) and a
valid solution is achieved at m = m, + v. The corresponding structure is then
considered as the most probable.

An unacceptable solution can be obtained as a result of strict structure generation
from the updated MCD, i.e., a solution will be found for either dj (1) > D,, where
D, is a threshold value or an empty structural file is obtained (k = 0). In both cases
the program is automatically switched to the mode where {m = m,;, + 20, stop at
m = mg, a = 16}. Depending on the m, values and the complexity of the problem
(the size of n., and the calculation time) evaluated during the first stages of solving
the problem, the user can initiate FSG with the options {m < mg, a =16}, mp =15, 10
or 15 to obtain the most reliable solution.

2.3.4.2 NSCs Were Identified but the MCD Failed to Be Updated

If the program identified NSCs but failed to update the MCD, then FSG is one
manner by which to solve such a problem. Since the program only displays the
minimum number of NSCs while their associated lengths remain unknown, FSG
with the options {m = m,;, — 20, stop at m = m,, a = 16} should be used. The real
numbers of the connectivity combinations, n.,, are displayed, as well as the
number of combinations for a given m = m,_and the approximately predicted time
for structure generation allows the user to easily evaluate the complexity of the
problem and the suggested time for execution. If Mode 4 can be applied based on
acceptable time estimates then it should be used.

2.3.4.3 NSCs Were Not Detected

If nonstandard connectivities were not revealed by checking the MCDs then there
are two ways to interpret this result: either the 2D NMR data is free of nonstandard
connectivities or the implicit NSCs are present but the program failed to detect
them. Both of these situations are covered by FSG with the options {m = 0 + 20,
stop at m = m,, a = 16}. If NSCs are indeed absent from the 2D NMR data then
structure generation is performed with m = 0 with a nonzero output file and the
deviation values allow the user to determine whether the solution determined is
acceptable. Obtaining deviation values that exceed the threshold for dy4, or deriving
an empty output file after spectral filtering, both serve as hints to the presence of
latent nonstandard connectivities.

When NSCs are not detected by logical data analysis then the number of con-
nectivity combinations that must be tested during FSG cannot be reduced and it is
equal to Cy, m=1,2,3, ... at each mth step of the FSG process. This situation can

cause significant difficulties due to an unmanageable number of connectivity



94 2 Strategies of Structure Elucidation

combinations needing to be processed; as discussed previously, both FF and UF can
assist in this situation.

It is hardly possible to describe all of the nuances associated with FSG since
these depend on each 2D NMR data set associated with a given problem. A series
of examples illustrating the strategies leading to valid solutions with the minimum
number of user assumptions will be presented in Chap. 5.

2.3.5 Is There an Alternative to Fuzzy Structure Generation?

Some researchers suggested that it was possible to overcome the problem of NSCs
by setting default values for 4JCH’ un for all COSY and HMBC correlations
observed in the 2D NMR spectra. It was important to answer the question: To what
extent can the lengthening of all 2D NMR correlations act as a method for con-
tradiction resolution in 2D NMR data? A study was undertaken to answer this
question [7]. In this study an attempt was made to identify, in a quantitative manner,
how the structure generation time increases and the amount of structural informa-
tion obtained decreases if only correlations in the ~*J range were allowed.

Analysis of the results of this study showed that even in the case of small
molecules the output file size increases considerably when the >~/ couplings are set
as default. The generation time increases by many times to hundreds or even tens of
thousand times greater. For one of the studied problems the size of the output file
increased from 2 to ca. 3,000 structures, while the generation time increased by
6.5 million times! The main conclusion is that the lengthening of all correlations
should be rejected as a general method of solving problems arising from the
presence of nonstandard correlations in 2D NMR data.
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