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Automatic Structure Determination of Organic Molecules

Principle

and Implementation of the LSD Program
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The LSD Logic for Structure Determination program gener-
ates organic molecular structures from 1D and 2D NMR data
without resorting to chemical shift databases. Its use in the res-
olution of natural product structure determination problems has
been already reported in the literature. This paper describes
how data and structures are internally represented and pro-
cessed by LSD to build solution structures.
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Introduction

Automatic structure elucidation emerged about forty
years ago as an interdisciplinary field based on both com-
puter science and spectroscopy advances. Most of the soft-
ware systems that were developed in this framework are i-
somer generators that use spectroscopy to propose structure
fragments and to validate the proposed complete struc-
tures.! Submitting an organic molecule to various optical
in which NMR is included pro-

vides series of characteristic transition energies

spectroscopic methods
expressed
incm™! nm or ppm depending on the technique . A
particular energy value is generally compatible with the
presence of more than a single fragment. The known rela-
tionships between energy value and substructure are stored
in spectroscopic data or knowledge bases.

Most of the published applications of computer-assist-
ed structure elucidation programs deal with the resolution
of natural product chemistry problems. This originates from
the wide diversity of natural product structures and from
the usual lack of molecular structure knowledge after the
isolation and purification steps. Conversely synthetic or-
ganic reactions only rarely cause deep structure changes
between the known starting material and the final product
thus providing less challenging problems.

About twenty years ago the analysis of natural prod-
ucts has gained in efficiency and reliability with the avail-
ability of the 2D NMR techniques. They have introduced
the powerful concept of correlation spectroscopy.? The
structural information brought by NMR chemical shifts was
enriched with proximity relationships between molecular
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fragments . It was then possible not only to identify chem-
ical functions but also to determine whether they are close
or far within the studied molecules. Thus the number of
isomers that are compatible with a given gross formula is
strongly reduced.

Softwares for automatic structure analysis were modi-
fied to incorporate 2D NMR data > either for structure
validation or prospectively for structure generation. The
LSD Logic for Structure Determination program®* was the
result of the first attempt to generate organic structures on
the main basis of heteronuclear correlation spectroscopy .
The present paper describes how data and structures are
internally represented and processed by LSD to build solu-
tion structures. Recently the source code of LSD was
made publicly available www.univ-reims.fr/LSD so that

the interested reader can access all implementation details .
Preparing data for LSD

Data from 1D NMR

LSD does not incorporate any chemical shift data
base. Therefore the user has to propose his own con-
straint from 1D NMR data. Bonds may directly be deduced
from elementary shift analysis a carbon atom resonating at
200 ppm can safely be bound to an oxygen atom. More-
over the hybridization state of both atoms is sp® and the
two other neighbors of the carbon atom are also carbon
atoms. The atomic element hybridization state sp® or sp?
only and number of bonded hydrogen atoms form the so-
called atom status that must be defined for all skeletal

meaning non-hydrogen atoms. This constraint is not so
strong than it seems to be for a practical application of
LSD. Chemical shift value and proton multiplicity pattern
constraint must be translated to atom property. An atom for
which a property is defined has a known number of neigh-
bors within a subset of the whole skeletal atom set. In the
previous example the carbon atom resonating at 200 ppm
has exactly two neighbors in the carbon atom set.

In order to define properties the skeletal atoms are
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referenced by an integer index. It is generally handy to
rank carbon atom indexes in the order of the corresponding

3C NMR chemical shifts.
Data from correlations

The LSD software is designed to produce organic
molecular structures compatible with HMQC!®  or
HSQC!  COSY!? and HMBC! data. Each correlation is
transformed into an atom index pair. An hydrogen atom is
preferentially labeled with the same index as the skeletal
atom which it is directly bonded to. The relationship be-
tween atom references is thus established by means of the
HMQC spectrum. Two or three hydrogen atoms that are
bonded to the same skeletal atom get the same index.

A COSY correlation that originates from a 3J 'H-'H
coupling is translated to the pair of the corresponding hy-
drogen atom references. Two-bond correlations are easily
discarded as the involved atoms are bonded to the same
skeletal atom. Long-range correlations through more than
three bonds are generally of weak intensity and must also
be discarded. Their interpretation would lead to bind
atoms that are not bonded and thus to generate an incoher-
ence and the failure of the problem resolution.

A HMBC correlation that originates from a 2J or a °J
BC-'H or PN-"H coupling is translated to a pair con-
taining the reference of the involved atoms. In practice
HMBC correlations of skeletal atoms with nearly identical
chemical shifts rather frequently occur. LSD offers the pos-
sibility of defining a fuzzy correlation between a skeletal
atom group and an hydrogen atom. In this case at least
one member of the group is responsible for the correlation
existence. Again longer range correlations lead to incon-
sistencies and to solution search failure. A detection
scheme for such situations has been recently proposed.®

Data from other sources

The user can provide a substructure that must be pre-
sent in all solution structures. It may originate from prior
knowledge about the studied compound like biogenesis for
natural products. The substructure is not necessarily con-
nected meaning that the presence of two or more non-
overlapping fragments can be checked. The substructure is
a set of' sub-atoms” bonded by“ sub-bonds”. The sub-
atoms are defined by their index chemical element mul-
tiplicity and hybridization state. Sub-atom status may in-
clude alternatives. The assignment of a sub-atom the
skeletal atom index it corresponds to may also be provided.

The data file structure

All gathered information about the studied molecules
is translated to LSD commands. Other commands control
program execution. All of them are made of a four-letter
code followed by arguments. The commands related to
spectroscopy include atom status and property definition

the setting of initially known bonds and HMQC COSY
and HMBC correlation description. Execution control com-
mands concern

* The output structure format. Each solution struc-
ture may be output either as a list of pairs of bonded atoms
or in a format suitable for automatic structure drawing by
means of the' outlsd” program .

* The printing of the stored input data. This possi-
bility is offered essentially for data set debugging purpose .

% The effective resolution of the problem. This al-
lows one only to check the validity of a data set with enter-
ing in the resolution process.

* The verbosity level. This option allows to print a
track of the events occurring during resolution.

% The taking into account of the substructure.

% The possibility of running LSD in step-by-step
mode. In this mode the user may interact with the choic-
es made by the program during resolution.

* The printing of resolution history. Each solution
can be output along with the list of the choices made dur-
ing the resolution and that led to it.

* The search for partial solutions wide infra

% The elimination of duplicated solution. Under
some circumstances identical solutions may be produced
and only one is kept for output. This filtering process may
be disabled.

* The stopping of the resolution process at a given
search depth. See section wide infra

Data representation in LSD

The LSD program is written in C language. All re-
quired data structures are statically allocated. Array di-
mensions are defined at compilation time and can be
changed by the user because the source code is available.
A skeletal atom is described by a data structure that in-
cludes status bond correlation property substructure
and equivalence see below descriptors. Two arrays are
used to convert hydrogen atom references from and to
skeletal atom references as described by the HMQC relat-
ed commands. Sub-atoms also have their own status
bond and assignment descriptors. Before and during reso-
lution all non-bonded non-correlating skeletal atoms are
grouped into equivalence classes derived from the status i-
dentity equivalence relationship. Only a single class mem-
ber is available at a time for bond formation. This prevents
to lose time to produce identical structures in which only

dummy” atom references are permuted. The atom lists
that define atom property are stored as arrays of Boolean
values. Other lists for HMBC correlations of atom groups
or for alternative sub-atom status definition are stored as
arrays of integers.

During the command file reading phase each four-
letter code and the following parameters are transformed in-
to integer values and stored in an array of pre-processed
commands. Any input data syntax error causes the imme-
diate printing of a message and program termination. The
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initial state of the structure resolution process is obtained
by scanning through the pre-processed command array.
Each command type is associated to a priority index so
that commands with the lowest priority are processed at the
end. This means that commands are not processed in the
order they are written in the data file. For example HM-
BC commands are always processed after HMQC com-
mands whatever the writing order. At this stage semantic
error are detected and reported like an attempt to bind an
atom whose status is unknown

A last-in first-out stack data structure a‘ heap” is
used for both data management and resolution history
bookkeeping. As a remain of the initial coding of LSD in
Prolog language structure search involves self-calling or
recursive procedures to achieve backtracking. This latter
concept allows to handle ambiguous data by systematically
exploring all possible hypothesis in a so-called” depth-
first" analysis. The execution of recursive procedures re-
quires the duplication of their private data structures. In
order to limit this time and memory consuming process all
data structures related to atoms correlations properties
equivalence classes and sub-atoms are implemented as
global variables. Thus recursion is simulated through sim-
ple heap manipulation procedures. Each time some value
must be changed and recovered after return from a recur-
sive call its original value and memory address are insert-
ed on top of the heap before the call. On return the ad-
dress-value pair is extracted from the heap and used to re-
store the original value at its address.

The structure search algorithm
Generate and test

The main problem with constrained isomer generation
is to avoid combinatorial explosion. One could imagine to
first generate all possible isomers without any constraint
and then to retain only the structures that fit with spectro-
scopic measurements. Of course this would be not realis-
tic due to the very high number of possible isomers the
explosion  even for a modest number of skeletal atoms. A
better way would be to stop building an isomer when it vio-
lates at least one spectroscopic constraint. This means that
early testing can greatly reduce computation speed unless
the time cost of the test process is prohibitive. An even
better approach would use the same data to directly gener-
ate substructures. As already mentioned a spectroscopic
information may be compatible more than a single frag-
ment. lts use for structure element generation requires to
consider all hypothesis. The least ambiguous fragments
must be used first in order to detect as early as possible
an incoherence arising from the exploration of a wrong hy-
pothesis. Thus the efficiency in the generation process
strongly depends on the order in which the data is exploited.

These simple considerations are well illustrated by the
example detailed in Ref. 3. The authors analyze a
molecule for which 22 HMBC correlations are observed.

Each one can originate either from a 2J or a *J coupling.
This means that the initial generation of the 2% data sets

more than 2 millions must be considered if one wants to
prospectively use the available HMBC data. This huge task
is reduced to a manageable one in LSD because hypothe-
sis are formed all along the resolution process and not sole-
ly at the beginning.

Structure resolution in LSD takes place in four main
steps. The first one deals with the exploitation of the pre-
processed input file content. A COSY correlation through a
3] coupling between proton H; and H, gives rise to the
X;—X, bond if skeletal atoms X; and X, are bonded to H;
and H, respectively see Fig. la . This deduction does
not give rise to any ambiguity and is therefore carried out
as early as possible in the resolution process. The second
resolution step is the creation of bonds from HMBC corre-
lations. Three indeterminacy levels are considered. The
first one only exists for atom group correlations. Such a
correlation between X} X} ... X! and H,is succes-
sively considered as the hypothetic ones between X| and
H, X}and H, X{ and Hy. Then any HMBC corre-
lation between X; and H, either true or hypothetical is
considered as a fictitious ' J or 2J X;-X, correlation if X, is
bonded to H, see Fig. 1b . When the 2] hypothesis is
explored the third indeterminacy level concerns the iden-
tity of atom X that is bonded to both X; and X,. Clearly
the HMBC correlations involving atom groups must be con-
sidered after the other ones due to the wider hypothesis
set they lead to. The third resolution step is the systematic
pairing of all atoms having less bonds than required by
their status the incomplete atoms  and takes place after
all correlations are used. Complete structures in which all

COSY
e
e
X=X,
and :> Xl_X2
H, H
HMQC ( | >HMQC
X=X,
b
HMBC
e
Xi— X)X,
and — X— XX,
1)
HMQC
Xi— (X)X,

Fig. 1 Deduction of proximity relationships between skeletal atoms
a from COSY correlations and b from HMBC correla-

tions .
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atoms are complete are tested in the forth resolution step
for double bond placing Bredt' s rule compliance sub-
structure presence and originality .

Steps 2 3 and 4 involve recursive procedure calls so
that when some wrong hypothesis in step 2 leads to struc-
ture rejection in step 4 backtracking occurs until this hy-
pothesis is reconsidered. Of course it is generally impos-
sible to know in advance which hypothesis has caused
backtracking. One could imagine not to use the substruc-
ture information in test step 4 but prospectively for bond
formation in step 2. In the same way double bonds could
be placed during steps 2 and 3 when bonds are formed.
A preliminary work in these directions leads to a much
more complex search algorithm with only modest perfor-
mance improvement.

The normal execution scheme can be modified either
to produce incomplete solutions or for data set debugging
in° maximum level” mode. When correlation data does not
suffice to limit the number of generated isomers execution
flow may be altered so that only partial structures obtained
after step 2 are written on output. It is then assumed that
there is at least one way of deriving from it a complete
structure that passes the final tests. This result is obtained
by activation of the so-called’ partial mode” . If logical da-
ta inconsistency causes the failure of the resolution pro-
cess the number of consecutive recursive calls is printed.
Then execution flow can also be altered by a* maximum
level” command having this number as argument. Execu-
tion stops when the indicated number of nested calls is
reached and the obtained structure is printed. This feature
may provide some hint about the reason of the failure.

Bonds from correlations

At this stage unambiguous data from 1D and 2D
COSY spectra is already taken into account. The treatment
of each inherently ambiguous HMBC correlation is decom-
posed in two sub-steps correlation choice and conse-
quence analysis of the choice.

Correlation choice As already mentioned resolu-
tion time strongly depends on the HMBC correlation choice
order. Indeed step 2 of the resolution process deals only
with fictitious 'J or 2J correlations deduced from HMBC
and HMQC data during step 1. In LSD the highest priori-
ty is given to the correlations of the atoms that are complete
and then to the closest to be complete. The search of such
an atom can be carried out either within the set of all
skeletal atoms or preferentially only within a smaller
subset of it named thé' basis set” . The latter contains the
recently bonded atoms of the molecule that present unex-
ploited correlations. This search scheme favors the con-
struction of a connected structure piece and therefore the
earliest detection of wrong hypothesis. Once a correlating
atom is selected one of its correlations is chosen with a
lower priority given to those with atom groups.

Correlation analysis A fictitious X;-X, correlation

is first analyzed as a X;—X; bond and then as a X;-X-X,

fragment . If either X or X, is a complete atom there is no
need to build the X;—X, bond because X; and X, are al-
ready neighbors. Indeed when a Y;-Y; correlation can be
interpreted either from the initial set of bonds or from those
constructed during resolution it obtains the“ already
used” status. This avoids to analyze correlations from
which no bond can be deduced and happens when Y| and
Y; are either directly bonded or both bonded to the same
atom. The building of the X;-X-X; fragment is also simpli-
fied when either X or X, is complete. Both cannot be si-
multaneously complete because this would mean that corre-
lation X;-X; was not previously stamped as useless as it
should have been. If X; resp. X, is complete then X is
necessarily a neighbor of X; resp. X, and there is only
one bond to establish between X and X, resp. X; . If nei-
ther X, nor X; is complete X is chosen in the set of atoms
that still can establish two bonds. Clearly the number of
possible X atoms is smaller when X; or X, is complete.
This observation is at the origin of the correlation selection
heuristic . If X has no correlation and no bond then the e-
quivalence class mechanism plays its role and allows only
one atom per class to be involved in a bond. Bond forma-
tion is also constrained by atom properties. Atom status in-
formation is used to define the number of bonds which an
atom can form and to ensure that a complete sp® atom has
at least a sp® neighbor. Once a bond is established equiva-
lence classes atom property data the basis set and correla-
tion status are updated for the next selection-analysis cycle.

Bonds from incomplete atoms

The atoms left in an incomplete state after step 2 of
the resolution process are systematically paired during step
3 until a complete structure is generated. The pairing
process is recursive and involves two sub-steps. First an
incomplete atom is selected and is then tentatively bonded
to all another ones according to status property and equiv-
alence constraint.

Final tests

A complete solution from step 3 must be rejected if it
does not comply to the tests in step 4 of resolution.

Some structures do not allow double bonds to be
placed between sp® atoms even though each sp? atom has
at least such a neighbor. Therefore double bond placing
may be seen as a filter for some unrealistic structures.'4
Double bonds involving sp? atoms with a single sp? neigh-
bor are placed first because this task does not introduce
any alternative. The other double bonds are placed using a
recursive process until each sp? atom bears a double bond.

The second test also involves double bonds and elimi-
nates structures that violate the Bredt' s rule. This means
that a double bond cannot be placed at a bridgehead of a
small-sized bicyclic system. This non-energetic criterion
highly

strained structures. The corresponding algorithm is de-

was introduced to eliminate most of unrealistic
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scribed in full detail in Ref. 15.

Sub-structure search in LSD is also achieved by a re-
cursive process whose goal is the search of a relationship
between atoms and sub-atoms that respects bond position
and status compatibility. In step 1 of the resolution the
sub-bonds are re-ordered so that when sequentially con-
sidered the bonded sub-atoms redraw the substructure
with minimum disconnection. During step 4 the existence
of a SX;—SX; sub-bond so that SX; is assigned to skeletal
atom X; imposes SX; to be assigned to a neighbor X; of Xj.
Of course the status of X; must be identical or compatible
with the one of SX,.

Finally each structure is transformed to a vector of
integers that contains the bond information in a compact
and univocal format. Each time a new solution structure is
found its vector is formed and compared to those of the
previously found solutions. In case of equality the new
solution is rejected unless this test is disabled by the ap-
propriate execution control command. If not the vector of
the original solution is stored for future comparison.

Once all tests are successfully passed the structure is
written to the output device either computer screen or text
file in the required format.

Conclusion and perspectives

The reader of the present paper could expect here the
treatment of an example. However there will be none
because some of them were already proposed in previous
papers* 14 1620 T strongly recommend the reading of ref.
16 because it deals with the resolution of a truly complex
problem. I also suggest the interested reader to consult the
on-line documents in the LSD web site.

If a single improvement had to be brought to the LSD
algorithm it would certainly deal with the introduction of
atoms with initially unknown status. A straightforward way
of doing it would be to generate all status sets compatible
with the gross formula and with the proposed alternative
status . The execution of the search algorithm on them nec-
essarily provides the desired solutions. This crude gener-
ate-and-test option can certainly be refined by defining un-
known status when needed during resolution instead of
doing it for all atoms at the beginning of the search pro-
cess. Automatic status definition must also benefit in some
way from the knowledge of chemical shift values.

Ranking of structures in decreasing likelihood order is
also an important feature for the structure elucidation pro-
gram end-users. Again chemical shift is certainly the key
of the solution. The comparison of the experimental values
with those provided by a chemical shift prediction tool pro-
duces a numerical value suitable for structure likelihood
ranking. Of course the important point is then the avail-
ability of an efficient and possibly low-cost prediction tool .
Prediction is far beyond the scope of this article but it
seems to be obvious that its quality strongly depends on the
size of spectroscopy database it relies on. Moreover the
three-dimensional nature of organic molecules makes it dif-

ficult to predict chemical shifts only on the basis of planar
structure. As a partial conclusion on this topic structure
set ranking is still an open problem for the molecules that
are not already registered in spectroscopic data bases.

The LSD program was not written in such a way that it
can solve all structure problems but it solves many prob-
lems that are likely to appear in a laboratory involved in
plant secondary metabolites study. This explains why sp
hybridized atoms were voluntarily left out even though
they can occur in natural products. Such a limitation as
well as the previously mentioned ones will have to be cor-
rected in future versions of LSD. Its initial design and im-
plementation in Prolog on incredibly slow computers ac-
cording to actual standards strongly favored the search of
decent execution times at the expense of program applica-
tion scope completeness. One can expect this situation to
be corrected in a near future.
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