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Abstract. A standard representation of molecules is based on graphs
where atoms correspond to vertices and covalent bonds are represented
by a number of edges according to the bond order. This depiction reaches
its limitations for aromatic molecules where the aromatic ring can be
encoded by different bond order layouts, i.e. Kekulé structures, since
electrons are shared within the ring rather than fixed to a specific bond.
Thus, several Kekulé structures are possible for aromatic molecules. Here,
we propose a new constraint programming based approach to enumerate
all Kekulé structures for a given molecule. Furthermore, the ambiguity
information derived is used to enable a unique Kekulé-based SMILES
encoding of the molecule independent of any aromaticity detection al-
gorithm. This is of importance, since there is no generally accepted aro-
maticity definition available that covers all cases.

1 Introduction

Molecules are often depicted as undirected graphs representing atoms as vertices
and covalent single, double, or triple bonds by an according number of edges as
given in Fig. 1, known as structural formula. This works well as long as it is pos-
sible to specifically assign electron pairs shared between two atoms to individual
bonds. In that case, a unique graph representation can be given. But the depic-
tion fails as soon as electrons are not uniquely assignable, a phenomenon named
mesomerism. A classic example is benzene shown in Fig. 1 a). Two different
graph representations, i.e. bond assignments, can be given and these were first
identified and introduced by August Kekulé in 1872 [6]. Since that time, such
explicit structural formula for molecules with ambivalent rings (different single-
double-bond assignments) are refered to as resonance or Kekulé structures. In
the following, we will focus only on mesomerism of rings within molecules, other
forms are discussed later. This ambiguity usually poses no problem for most
applications but gets crucial as soon as a unique representation of a molecule is
needed, e.g. within chemical compound databases [2, 5] or when atom mappings
for reactions are to be identified [9].



a) b)

Fig. 1. a) The two isomeric structures of benzene identified by Kekulé (taken from [6])
and b) the Kekulé structure of guanine.

Whether or not a molecule gives rise to several Kekulé structures usually
depends on the existence of (hetero) aromatic rings within the molecule. Within
aromatic rings, bond electrons are shared within the ring and no unique single-
double-bond assignment is possible, resulting in multiple Kekulé representations.
The number of Kekulé structures is therefore combinatoric in the number of
ambiguous aromatic rings part of the molecule. It was reasoned that the ther-
modynamic stability of a molecule is to some extent linked to its number of
Kekulé structures [15, 3]. Most algorithms to enumerate Kekulé structures are
based on graph theoretical studies and a lot of work was done in the early 80s.
A thorough review of the early methods is given in [13] on pages 50-52. Therein,
most algorithms were tailored to specific hydrocarbone molecule classes usually
only covering benzene-like ring layouts and conjugations, e.g. [3, 1].

Within this contribution, we introduce a new constraint programming (CP)
based method to enumerate all Kekulé structures for a given molecule. This
encodes all possibibly ambiguouos edges and enumerates all valid bond assign-
ments and thus all Kekulé structures. This is of importance for instance to parse
molecules given in SMILES format [14] (later discussed in detail) or to provide
all Kekulé variants where needed. For instance, we have recently introduced a
CP-based approach for the computation of valid atom mappings for chemical
reactions [8, 9]. Therein, the reaction’s educt and product molecules are mapped
onto each other revealing the bond breakings and formations occuring during
the reaction. To this end, all Kekulé structures of all participating molecules
have to be known and considered, since it is not known in advance, what specific
Kekulé structure participates in the reaction. The approach is generic and not
tailored to specific classes of molecules. As an input a single structural formula
for each molecule has to be provided and all Kekulé structures are enumerated.

Beside the enumeration of Kekulé structures, we use the approach to enable
the generation of unique SMILES strings without the need for aromaticity per-
ception. SMILES is a standard format to represent molecules as strings [14]. The
string is generated from a treelike-decomposition of the molecule, where ring clo-
sures are marked by according number pairs. For instance benzene depicted in
Fig. 1 a) can be represented by [H]C1=C([H])C([H])=C([H])C([H])=C([H])1

when hydrogens are explicitly encoded by [H]. Usually, hydrogens deducable
from the structure are ommited leaving the SMILES C1=CC=CC=C1. Note, this



encoding is the same for both benzene Kekulé structures, since a SMILES does
not encode any node indexing.

The SMILES language copes with ring ambiguity by a special treatment of
aromatic rings. Therein, bonds and atoms part of an aromatic ring are given a
special lowercase label marking their ambiguity. It is left to the SMILES parser
to pick one of the encoded Kekulé structures, to enumerate them all, etc. The
benzene example from Fig. 1 would be encoded by c1ccccc1 in contrast to the
Kekulé structure encoding C1=CC=CC=C1 discussed above.

The central problem for the standard SMILES approach is the lack of a decent
definition of aromaticity that covers all cases of aromatic molecules [11]. Further-
more, aromaticity cannot be simply used interchangeably with mesomerism, i.e.
the existence of several Kekulé structures. A simple example is guanine depicted
in Fig. 1 b). Both rings of the molecule are usually assumed to be aromatic. Still
guanine features only a single Kekulé structure and does not show the usual aro-
matic ambiguity. It is therefore generally hard to decide whether or not a ring
within a molecule is aromatic or not and thus if it is to be treated ambiguous
or not, which is central to generate unique SMILES [14]. Within our approach,
we use a variant of the presented CP approach to identify all edges that en-
able ambiguity instead of annotating whole rings. Only these edges are treated
differently in the SMILES generation, which results in a slightly different but
aromaticity-independent SMILES encoding. The new SMILES encoding is only
encoding ambiguity information where needed and results in a general, unique
molecule string encoding.

2 Preliminaries

Given a structural formula of a molecule, it can be represented by an undirected
graph (V,E) with vertex set V representing the atoms of the molecule and edge
set E = { {v, v′} | v, v′ ∈ V } representing the covalent bonds between these
atoms. The bond order, i.e. the number of electron pairs shared within the bond,
is given by the input adjacency matrix A where each entry Av,v′ ∈ {0, 1, 2, 3}
denotes the according bond order between v and v′. An example is given in
Fig. 2.
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Fig. 2. An example molecular graph (without hydrogens) with V = {1. . . 10} and the
according adjacency matry A.



For such a graph (V,E), we identify the subgraph (V ◦, E◦) covering only
vertices and edges participating in rings since we want to enumerate Kekulé
structures for ring ambiguity. To enumerate all rings, we apply the ring percep-
tion algorithm by Hanser [4], which first removes all vertices with degree one
and successively decomposes the remaining ring structure into single rings in an
iterative fashion. Since triple bonds form very strong and inflexible atom inter-
actions, we ignore all triple bond containing rings. For the example in Fig. 2, the
Hanser algorithm identifies the three rings 1−2−3−4−8−9−1, 4−5−6−7−8−4,
and 1− 2− 3− 4− 5− 6− 7− 8− 9− 1, resulting in V ◦ = {1. . . 9} (leaving out
node 10).

Eventually, each vertex v ∈ V ◦ participates in at least two edges and all
edges {v, v′} ∈ E◦ are single or double bonds, i.e. Av,v′ ∈ {1, 2}, that might
give rise to different Kekulé structures. All other “non-ring bonds” are assumed
to be isomorphic between different Kekulé structures. Therefore, the problem
of enumerating all Kekulé structures based on ring ambiguity reduces to the
enumeration of all valid single-double bond assignments of the ring bonds in E◦.

3 Enumerating all Kekulé structures

As introduced above, given the ring-covering subgraph (V ◦, E◦) of a molecule’s
structure graph (V,E), it is sufficient to enumerate all valid single-double bond
assignments for the bonds in E◦. To this end, we formulate a constraint satis-
faction problem as follows. For each edge {v, v′} ∈ E◦, we introduce a variable
Xv,v′ with domain Dv,v′ = {1, 2}. For each atom vertex v ∈ V ◦, we add a linear
constraint

∑
{v,v′}∈E◦ Xv,v′ =

∑
v′∈V ◦ Av,v′ , i.e. the sum over all bond orders

for each atom has to be preserved by any assignment.

The example from Fig. 2 would result in 10 edge variables, e.g. X1,2, X2,3, . . .
and 9 linear constraints, e.g. for vertex 4: X3,4 + X4,5 + X4,8 = 4.

Note, while given here in terms of integer domains that were implemented
using the Gecode library v4.0 [12], an equivalent CSP can be formulated using
Boolean variables and domains. In such a formulation, the boolean encoding
would cover whether or not a bond is e.g. a double bond and the applied linear
constraints would limit the number of double bonds to

∑
v′∈V ◦ max(0, Av,v′−1),

i.e. the overall ring bond order minus the number of ring bonds.

Given such a CSP for a certain molecule, we can simply apply a standard first-
fail depths-first-search to enumerate all valid single-double bond assignments
and thus according Kekulé structures. This reveals two Kekulé structures for
the discussed example molecule; both are presented in Fig. 3.

We have applied the procedure to molecules from the ChEBI database [2].
From the 15,944 molecules in the database, we derived a subset of 10,920 ring-
containing molecules for which full atom information was available (68.5% of the
database). For each molecule, we applied the given procedure to enumerate all
Kekulé structures. In Tab. 1, we report the resulting statistics where the dataset
was further clustered according to the number of rings present in a molecule.
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Fig. 3. The two Kekulé structures of the molecule depicted in Fig. 2 whereby both
rings are aromatic.

#ambiguous rings #overlaps #Kekulé structures
#rings #mols median mean max median mean median mean max

1 2871 0 0.4 1 0 0 1 1.4 2
2 2275 1 1 2 0 0.4 2 2.0 4
3 2261 2 1.6 3 1 0.9 2 2.5 8
4 1621 0 1.4 4 2 1.9 1 2.7 16
5 806 1 1.7 5 3 3.0 2 3.1 24

6-10 909 0 2.1 9 4 5.7 1 6.7 288
> 10 177 0 3.8 49 27 122.2 1 7.2 256

Table 1. Statistics on the number of ambivalent rings, the number of shared bonds
between rings (#overlaps), and the number of distinct Kekulé structures within the
ChEBI data set clustered by the number of rings per molecule.

When investigating the median of the number of ambiguous rings it becomes
clear that most rings are non-ambiguous (median ∼ 0) while there is on average
at least one ring with ambiguity. Their average number only slightly increases
with the number of rings a molecule features. The median of the number of bonds
shared between rings is given in column #overlaps. Inspecting the numbers, most
molecules in our data set seem to sport individual rings instead of ring fusions
as e.g. for guanine in Fig. 1 b). Only for larger molecules with multiple rings,
fused ring systems become more common.

5,816 molecules (53.3%) show multiple Kekulé structures, highlighting the
need for appropriate ambiguity handling and enumeration. For 3,459 molecules,
all present rings were ambiguous. Table 2 gives statistics on the number of am-
biguous bonds for molecules with multiple Kekulé structures. On average, about
half of all ring participating bonds are ambiguous. This is mainly due to ring
fusions, where e.g. an ambiguous benzene ring is fused with a non-ambiguous
ring. In such a case, all non-shared bonds of the second ring are non-ambiguous
resulting in the presented statistics.

When averaging over the whole ChEBI data set, a “mean ring molecule”
features about 3 rings where one is ambiguous with about 5 ambiguous bonds,
which results in 2-3 Kekulé structures on average. This gives rise to the need for
canonicalization to enable unique molecule representations within databases as
discussed in the next section.



#mols #ringBonds
#rings ambi/all mean(ambi) / mean(all)

1 1276/2871 6.0 / 6.0 = 100%
2 1320/2275 6.0 / 11.0 = 54%
3 1506/2261 9.8 / 16.2 = 60%
4 798/1621 11.7 / 21.3 = 55%
5 405/806 12.7 / 25.3 = 50%

6-10 435/909 16.1 / 32.8 = 49%
> 10 76/177 17.2 / 35.4 = 49%

Table 2. Statistics on the number of ambivalent ring bonds (#ringBonds ambi) and
the overall number of bonds participating in rings (#ringBonds all) for all molecules
with at least two distinct Kekulé structures (first number in column #mols vs. overall
number) within the ChEBI data set clustered by the number of rings per molecule.

4 Unique SMILES with ambiguous bond encoding

The previous study on the ambiguity when representing molecules with specific
bond assignments highlights the need for a unique canonical molecule repre-
sentation, e.g. for database lookups etc. As discussed in the introduction, the
SMILES encoding was introduced for this purpose with according canonical-
ization algorithms [14]. Therein, atoms are represented by according standard
abbreviations like “C”, “H”, “Br”, etc. (all starting upper case and enclosed in
brackets if longer than one character), and bonds formed by more than one elec-
tron pair are encoded by the special characters “=“ and “#” for double or triple
bonds. The ambiguity resulting from aromatic rings was handled using special
character encodings for atoms participating in such rings, i.e. using lower case
characters as “c”, “o”, “n”, . . . for the common aromatic-ring atoms “C”, “O”,
“N”, . . . respectively, as discussed for benzene in the introduction. Furthermore,
an aromatic bond label “:” was introduced, which encodes the uncertainty if the
bond is a single or a double bond. This encoding works well for simple standard
cases of aromatic compounds. But the central problem is the decision whether or
not a ring is aromatic or not, a question still not successfully solved in chemistry
[11].

For instance, given the example molecule from Fig. 2. Depending on the
aromaticity annotation, there are various possibilities to encode the molecule:

both rings aromatic : c12ccccc2sc(C)n1
large ring aromatic : c12ccccc2SC(C)=N1
small ring aromatic : c12C=CC=Cc2sc(C)n1
Kekulé: left Fig. 3 : C12C=CC=CC=2SC(C)=N1
Kekulé: right Fig. 3 : C12=CC=CC=C2SC(C)=N1

The SMILES notation thus mixes the problem of defining a unique and com-
pact string represention for molecules with the even harder problem of aromatic-
ity perception. Here, we will try to disentangle the two problems and to provide a



solution for the first, namely the generation of unique canonical SMILES without
the need for aromaticity perception.

To this end, we simply fall back to the previous problem of Kekulé structure
ambiguity, which poses the true problem for canonicalization. Currently, such
ambiguity is intrinsically connected with aromaticity in the SMILES encoding,
but there exist many counter-examples as e.g. guanine in Fig. 1 b). In contrast,
we want to encode only for variation where it occurs, i.e. the ambiguous bonds
within rings.

Given the CSP formulation from above, we only perform a constraint prop-
agation until arc-consistency is reached. No search is performed. The bond-
encoding variables Xv,v′ that are still unassigned |Dv,v′ | > 1 encode for bonds
{v, v′} ∈ E can either be single or double bond, i.e. ambiguous bonds.

Once this subset of ambiguous bonds is identified, we can apply a variant of
the canonical SMILES algorithm from [14], where

1. all atoms are treated non-aromatic (since no aromaticity perception was
done),

2. ambiguous ring-bonds (non-assigned variables) are represented by the label
“:”,

3. non-ambiguous ring-bonds are represented by by single (“-”) or double bond
label (“=”) based on the according variable assignment, and

4. non-ring bonds are labeled according to the initial molecule representation
encoded by the adjacency matrix A with “-”, “=”, or “#” for Av,v′ = 1, 2,
or 3, respectively.

Given this special treatment, we can derive unique canonical SMILES without
aromaticity perception using the standard SMILES canonicalization implemen-
tation as e.g. available in the Graph Grammar Library GGL [7].

In Figure 3, only the bonds of the 6-ring given in black are ambiguous
leaving 4 of the 5 bonds of the smaller 5-ring (in gray) unambiguous. This re-
sults in the new non-aromatic but ambiguity-encoding SMILES representation
C12:C:C:C:C:C:1SC(C)=N2 instead of the SMILES with aromaticity annotation
c12ccccc2sc(C)n1, which does not easily reveal the two Kekulé structures and
the source of ambiguity.

5 Future work

The current approach is restricted to mesomerism of molecular ring systems
based on the ambiguity of single-double bond assignments. Still, there are further
sources of mesomerism that result in multiple resonance structures. A common
form is the shift of unbound (valence) electrons of atoms, that define its charge,
to neighbored atoms, which directly results in ambiguity. Another source for
different representations of basically the same molecule is a phenomenon called
tautomerism, where adjacent hydrogens are shifted to neighbored atoms result-
ing in a changed bond order pattern of the molecule. Furthermore, combination



of both can occur. Finally, ionizations of some atoms are possible, depending on
the physical conditions. Sayle gives a detailed overview of the problem in [10].

Thus, we are planning to extend the described approach to further cases of
mesomerism to enable a full enumeration of resonance structures for a given
molecule. When applied to the presented ChEBI data set, this might reveal
even stronger abundance of ambiguity when representing molecules as structural
formula.

6 Conclusions

We have introduced a constraint programming based approach to enumerate the
possible Kekulé structures for a molecule that result from ring-mesomerism. The
approach was used to assess the abundance of such ambiguity in the ChEBI data
base, revealing that half of the data set shows at least two Kekulé structures.
Furthermore, it became obvious that this ambiguity results only from a fraction
of the involved ring-bonds.

Given that such ambiguity is problematic when deriving unique molecule rep-
resentations, we have extended the approach to yield canonical SMILES with-
out need for aromaticity perception. The latter was the base for the standard
SMILES approach to identify and deal with ambiguity. Since aromaticity is hard
to define, the fact that not all aromatic rings are ambiguous, and given our
statistics on ambiguous bonds, we proposed an approach that is independent of
aromaticity assignment. To this end, we identify ambiguous bonds using our CP
approach. Only these bonds are treated special during the standard canonical
SMILES generation. Thus, we derive unique graph-based molecule representa-
tions.
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