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An algorithm is introduced that enables a fast generation of all possible prototropic tautomers resulting
from the mobile H atoms and associated heteroatoms as defined in the InChI code. The InChI-derived set
of possible tautomers comprises (1,3)-shifts for open-chain molecules and (1,n)-shifts (with n being an odd
number >3) for ring systems. In addition, our algorithm includes also, as extension to the InChI scope,
those larger (1,n)-shifts that can be constructed from joining separate but conjugated InChI sequences of
tautomer-active heteroatoms. The developed algorithm is described in detail, with all major steps illustrated
through explicit examples. Application to ∼72 500 organic compounds taken from EINECS (European
Inventory of Existing Commercial Chemical Substances) shows that around 11% of the substances occur in
different heteroatom-prototropic tautomeric forms. Additional QSAR (quantitative structure-activity
relationship) predictions of their soil sorption coefficient and water solubility reveal variations across tautomers
up to more than two and 4 orders of magnitude, respectively. For a small subset of nine compounds, analysis
of quantum chemically predicted tautomer energies supports the view that among all tautomers of a given
compound, those restricted to H atom exchanges between heteroatoms usually include the thermodynamically
most stable structures.
INTRODUCTION

Isomerism denotes the rearrangement of bonds within a
given molecule. Tautomers are isomers that can be transformed to each other through chemical equilibrium reactions
(typically with free energy changes below 25 kJ/mol).
Prototropic tautomerism refers to bond changes accompanied
with the intramolecular movement of hydrogen atoms.
Prominent examples involving hydrogen exchange between
carbon and heteroatoms include the keto-enol and imineenamine equilibria. For a given compound, different tautomeric forms may differ in the number and type of certain
functional groups, such as H bond donor and acceptor sites,
which in turn result in tautomer-specific affinities for media,
such as water and organic solvents.
Because a given tautomer represents a distinct chemical
structure, the level of handling tautomers may have significant effects on the success rate in drug research and virtual
screening as well as with regard to substructure search in
large databases.1-5 Typically, one tautomeric form is energetically preferred in a given medium. Then, any model to
predict a property from the chemical structure will be
incorrect, if an inadequate tautomer is submitted to the model.
In other cases, the situation may be more complicated, and
several different or even all possible tautomers of a particular
compound may need to be taken into account, instead of
considering a more or less arbitrary single structure. Pospisil
et al.6 and Martin7 describe the impact of tautomerism on
the quality of property prediction while using the appropriate
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tautomer form. In any case, the first step to address these
problems is to identify all chemically reasonable tautomers.
For the latter, the typical approach is to employ rule-based
transformations of a given initial structure to identify and
enumerate all associated tautomers. Despite the flexibility
and transparency of this approach, some new problems
appear: many rules are accompanied with exceptions that in
turn would require the development of additional rules for a
fully automatized handling. For example, the rules of the
Daylight SMIRKS notation introduced by Leach8 were used
for tautomer patterns by Oellien.2 Here, 21 rules address
particular occurrences of tautomerism. Of these, two rules
identify (1,3)-shifts of H atoms of imines. This requires some
exceptions for ring systems and for a possible terminal
nitrogen atom. Another rule relates to an aromatic ring with
two terminal heteroatoms. Without further specification, 1,3benzenediol would wrongly match. In this latter case, an
exception is defined, requiring one terminal atom to be
nitrogen whereas the other atom could be either nitrogen or
oxygen. Another rule-based algorithm is implemented by
Trepalin et al.,9 with each rule describing a certain type of
tautomer pairs.
A further approach is given by Haranczyk and Gutowksi.10
Here, the user has to identify all atomic sites and bonds of
the molecule involved in tautomeric transformations (heavy
atoms, mobile hydrogen atoms, respective bonds). The
algorithm then excludes implausible structures based on a
set of constraints, and predicts the most stable tautomer.
Another kind of tautomer generation has been presented by
Harańczyk et al.11 Here, a carbon skeleton is deduced from
the initial molecular structure. With a boolean vector (named
fingerprint) the hydrogen atoms are assigned to their con-
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necting atoms, and an enumeration process allows an easy
generation of all possibilities. In addition, the fingerprint
could be used very simply to detect symmetry. This method
is the most similar to our approach.
Milletti et al.12 use a simple (1,3)-shift scheme to create
prototropic tautomers. From a given initial structure, all
tautomers based on the shift scheme will be generated. The
procedure is applied again to all newly generated structures.
This will be repeated, until no new structures appear. As
this recursive execution is very exhaustive, some strategies
to avoid redundancy were introduced. This includes the use
of InChI13 to detect symmetric structures. The recursive
calculation is skipped for structures that are generated for
the second time. In addition, the energy difference and energy
barrier to interconvert between both forms of an (1,3)-shift
are analyzed during the generation. If the energy difference
exceeds a threshold, the recursion is skipped too. Finally, a
fragment- and pKa-based evaluation is performed to predict
the generated structure’s stability.
For the computerized generation of tautomers, several
software tools have been developed.10,14-18 TautTGen,10
ConGENER,14 and ACDChemSketch15 are freely available;
the source codes of TautTGen and ConGENER are provided
via sourceforge.net,10,14 and the algorithm has been published.1,11 MN.TAUTOMER16 is based on a set of eight
rules18 and can be tested with an online demo version.
SPARC17 offers an online application, but there is no explicit
explanation of how the algorithm works.
ACDChemSketch is freeware for educational and private
use, but the tautomer generation algorithm is not explained
in detail in the freeware version. The tautomer is supposed
to be independent from the initial structure because hydrogen
atoms disposable to move will be detected automatically.
However, this is restricted in some cases as can be illustrated
with allopurinol (C5H4N4O, 1H-pyrazolo[3,4-d]pyrimidine4-ol, IUPAC name 3,5,7,8-tetrazabicyclo[4.3.0]nona-3,5,9triene-2-one), a drug used to treat hyperuricema (chronic
gout) through inhibition of xanthine oxidase and the associated generation of uric acid.
Scheme 1 shows the nine tautomers of allopurinol. With
ACDChemSketch, only the tautomers with Od, except the
structure in the center of Scheme 1 (with both H atoms at
the 5-ring N atoms), will be generated. Consequently, if one
of these four structures is selected as input, the remaining
three are generated, resulting in a total of four tautomers
identified. In all other cases, the ACDChemSketch algorithm
yields five tautomers: The four structures just mentioned and
the input structure. The reasoning behind this algorithm might
be a pragmatic approach to avoid energetically unreasonable
tautomers, which however is neither documented nor demonstrated as such.
In recent years, the great potential of the International
Chemical Identifier, InChI,13 to store and handle chemical
information on the connection table level in large chemical
databases has been recognized. In addition to line notations,
such as the SMILES code,19 to define the molecular topology
and bond types, the InChI code is becoming very popular
and can also be used as unique identifier, such as the CAS
number.20 Even though InChI is proprietary, it is freely
available from the intellectual right holders, including
computerized versions even with the source code. Interestingly, InChI contains pertinent information about prototropic
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Scheme 1. Nine Tautomers of Allopurinol and the Associated
InChI Code Specifying the Mobile H Atoms (the Latter of Which
Are Given in Bold)a

a
The InChI atom numbering (which differs from the IUPAC
numbering) is specified in the top left tautomer. As can be seen from
the InChI code (bottom), the “H2” notation indicates the presence of
two mobile H atoms, which can be attached to any two of the five
heteroatoms #6-10 covering four nitrogens (#6-9) and one oxygen
(#10).

Scheme 2. Prototropic Tautomerism Because of (1,3)-Shifts of H
Atoms between Heteroatoms22 (Upper Part) and H Atom Movement
Extended to (1,n)-Shifts, with n being Odd and Larger than 3, upon
Insertion of Conjugated Fragments (Lower Part)a

a
The InChI definition of mobile H atoms and associated heteroatom
acceptor sites covers all respective (1,3)-shifts for open-chain structures,
and larger (1,n)-shifts across conjugated ring systems. In addition to
that, our algorithm includes also (1,m)-shifts (with odd m > odd InChI
n) constructed from joining separate but conjugated (1,n)-shifts.

tautomers with regard to mobile hydrogen atoms attached
to heteroatoms. The reasoning behind focusing on this subset
of tautomers is that for a given chemical structure, the
thermodynamically most stable tautomer is often among
those that are related to each other through hydrogen
exchange between heteroatoms accompanied by respective
exchanges of single and double bonds.
The aim of our study is to provide an algorithm to
construct all prototropic tautomers that can be generated from
the mobile H atoms and associated heteroatom acceptor sites
specified through the InChI code. The respective tautomeric
equilibrium is outlined in Scheme 2, specifying both the types
of heteroatoms considered and the associated change between
single and double bonds upon movement of a given H atom
between different heteroatoms of the molecule. In this way,
the algorithm enables a fast identification of stable tautomers
and thus provides pertinent information for both structure
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and substructure searches, as well as for structure-based
predictions of compound properties, such as partition coefficients and acid-base equilibria. As shown recently for the
example of N-hydroxyl amidines,21 H atom shifts between
heteroatoms typically preserve the structure stability better
than hydrogen shifts involving carbon atoms.
INCHI CODE INFORMATION ON TAUTOMERS

The IUPAC International Chemical Identifier (InChI)22
was introduced in 2000. InChI serves as unique identifier
for chemical substances, and with its unambiguous notation
allows for an easy comparison of chemical structures. Thus,
it is applied in various free and commercial databases, such
as the U.S. National Institute of Standards and Technology23
or the Kyoto Encyclopedia of Genes and Genomes.24
The InChI code covers six major layers, of which the last
two (fixed-H layer and reconnected layer for metals) are
optional. The first major layer provides the main features of
the molecular structure and consists of three sublayers:
chemical formula, connection table without specification of
bond types and without H atoms, and H atoms covering both
hydrogens attached to specific sites (immobile H atoms) and
so-called mobile H atoms together with lists of heteroatoms
as possible (but at this stage not fixed) attachment sites. These
InChI-defined mobile H atoms and their associated heteroatom acceptor sites provide the key input information for
our algorithm to generate, from a given molecular structure,
all respective tautomeric forms. The remaining major layers
2-4 of InChI are the charge layer, the stereochemical layer,
and the isotopic layer, all of which are not needed for our
algorithm.
The fifth major layer allocates the mobile H atoms to
particular heteroatoms, thus yielding a uniquely defined
molecular structure. Our algorithm uses this layer to remove,
after initial generation of all possible tautomers according
to the InChI-defined mobile H atoms and their heteroatom
acceptor sites, all duplicates, thus yielding the final set of
structurally different prototropic tautomers (see below).
Note further that the InChI code can be specified in two
different forms: The InChI string as also given in our
examples (see Schemes 1, 5, and 6), and its associated hash
code preferred for machine reading, the InChI key. Use of
the latter speeds up the tautomer comparison significantly,
and it is used in our algorithm.
MATERIALS AND METHODS

Algorithm. The algorithm has been coded in C++ and
developed as module of our in-house software ChemProp.25
It runs on Windows PCs under standard configurations.
After input of the molecular structure in a standard format,
such as the InChI code, the SMILES code, the MOLfile, or
the SMDfile format, ChemProp converts the structural
information into an internal format. In case the input format
was not InChI, the InChI-code information is generated
internally. Subsequently, the algorithm calculates the number
of all different prototropic tautomers available from the
InChI-defined mobile H atoms and associated tautomer-active
heteroatoms. Finally, all respective tautomers are generated
and stored in a fully automatized manner, and thus are made
available for later inspection or further separate use.

J. Chem. Inf. Model., Vol. 50, No. 7, 2010 1225

Tautomer Energy. For a small set of tautomers, molecular
energies in terms of heats of formation at 25 °C, ∆Hf, have
been calculated employing the semiempirical quantum
chemical AM126 method as implemented in MOPAC.27 To
this end, initial 3D geometries have been generated within
ChemProp, and the final geometry optimization has been
performed at the AM1 level employing MOPAC.
QSAR Calculations. To test the variation of QSAR
predictions across tautomers, logarithmic values of the soil
sorption coefficient normalized to organic carbon, log Koc,
and of the water solubility at 25 °C, log Sw, have been
calculated with literature methods28,29 as implemented in
ChemProp.
Molecular Structures. For the development and application of the tautomer-generation algorithm, ∼72 500 organic
molecules have been retrieved from the list of European
Inventory of Existing Commercial Chemical Substances
(EINECS)30,31 and stored in a ChemProp database.
RESULTS AND DISCUSSION

Tautomer Identification. To identify prototropic heteroatom-confined tautomerism as outlined in Scheme 2, it is
just necessary to compare the main InChI layer and the
charge layer. The other layers will be disregarded at this
stage. Since InChI generates a canonical atom enumeration
(for non-H atoms) by a modified Morgan algorithm,32
different molecules with the same main layer are tautomers
of each other. Thus, restriction to the main layer yields a
generic code for all tautomers of a particular compound.
Specification of a particular form then requires extension to
the fifth main layer (see above). In other words, comparison
of two structures in terms of being tautomeric forms of a
common general structure can very easily be achieved by
simple string operations. The real challenge is to generate
all possible tautomer forms for a given structure.
Tautomer Generation. Since the InChI code already
specifies the mobile H atoms, the task left is a procedure to
automatically generate, from any of the possible tautomeric
forms as starting structure, all respective tautomers. To this
end, a brute-force approach can be applied: From the
structure of a given compound, the InChI code is generated,
and from the resulting mobile H sublayer the specified
number of H atoms simply has to be attached to all possible
heteroatom positions in a combinatorial manner in accord
with chemical bonding rules.
In the next step, a completion process for each generated
structure is required to obtain a valid configuration of
valences and bonds. Within InChI, heteroatoms acting as
possible H atom acceptors may have single bonds only (sp3
hybridization) or are involved in double bonds (sp2 hybridization). Here, attachment or detachment of hydrogen is
accompanied by a respective change in the hybridization.
All other atoms not involved in the H atom movement must
retain their initial hybridization in all tautomers. Correspondingly, the types of the bonds not involved in tautomerism
remain the same for all tautomers. Moreover, each single
bond converted to a double bond upon tautomerism is
balanced by a double bond becoming a single bond. It
follows that the number of double bonds of a given
compound is also constant for all tautomers. Because this
number of double bonds is not directly apparent from the
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Scheme 3. InChI-Based Prototropic Tautomeric Equilibria
Involving an (1,5)-Shift (Top) and an (1,7)-Shift (Bottom) Across
Conjugated Ring Structures As Examples of (1,n)-shifts with n
Being Odd and Larger than 3
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Scheme 5. Symmetric Heteroatom Acceptors (Nitrogen Atoms) for
Tautomeric H Shifts in Carbamimidothioic Acida

a
Exchange of two H atoms between the nitrogen groups yields an
identical structure, only mirrored at the S-C bond.

Scheme 4. Examples of an (1,5)-Shift Across Two Fused Rings
and Its Equivalent Representation As Consecutive Sequence of Two
(1,3)-Shifts (Top) and of a Nonreducible (1,5)-Shift That Is Outside
the InChI Scope but Addressed through Our Algorithm (Bottom)

original InChI approach in those cases where the structure
contains conjugated fragments linking otherwise isolated H
atom shifts.
For a further illustration of our algorithm, we come back
to the drug allopurinol (Scheme 1, with the InChI code given
at the bottom). According to the canonical formula represented in InChI as C5H4N4O, the numbering is done by
starting with all carbon atoms followed by nitrogen atoms
and the oxygen atom. The next sublayer c10-5-3-1-8-9-4(3)62-7-5 sketches the molecule skeleton similar to a structural
formula by referring to carbon atoms 1-5, nitrogen atoms
6-9, and oxygen atom 10. This is shown in all tautomer
skeletons in Scheme 1. The sublayer /h finally assigns the
H atoms: Two of the four H atoms are fixed at carbon atoms
1 and 2 at the respective chain nodes by the string 1-2H,
and the mobile hydrogen atoms are left in (H2,6,7,8,9,10).
H2 denotes two H atoms, attached to two of five possible
positions offered by the four nitrogens (#6,7,8,9) and the
5
) 10 possible arrangements
one oxygen (#10). Thus,
2
have to be checked. Nine of them yield the valid structures
shown in Scheme 1. The only case without success is the
selection of the nitrogen atoms #6 and 7 that are separated
by carbon atom #2. Parallel H attachment to both of these
N atoms is not compatible with a closed-shell conjugated
system. The technical procedure to extract InChI information
and to find valid structures will be explained in the next
section in more detail.
In the final step of the tautomer generation, the resultant
valid structures need to be compared to remove duplicates.
Taking carbamimidothioic acid (Scheme 5) as example, it
is seen that two of the initially generated three tautomers
(left and right) are identical, just mirrored at the S-C bond.
Other examples are carbonyls. Interestingly, InChI marks
COOH groups to have a mobile hydrogen atom, although
the resultant (formally correct) tautomers with H at the one
or other O atom cannot be distinguished. In principle, such
duplicates could be avoided by a respective algorithm in the
combinatorial step. However, this would not result in a
significant gain of performance, so the suggested procedure
is to compare the results, and to simply remove identical
structures.
The latter requires a method for comparing molecular
structures, for which there are several techniques available.
One approach, similar to the Milletti12 method, is to generate
the InChI keys of the structures, this time with the option
mobile H perception deactivated. The result is an additional
layer with defined attachments of all H atoms, including the
tautomer-mobile hydrogens. Using the key enables a simple
removal of duplicates: Every key must appear only once,
and thus duplicate keys and their related structures can be
deleted easily.

()

InChI Code, our algorithm takes this value from the initial
structure used to generate all respective tautomers, and adds
the appropriate number of double bonds to each of the
tautomers generated.
In terms of hydrogen shifts, the mobile H atoms defined
through InChI refer primarily to (1,3)-shifts of open-chain
molecules (Scheme 2), and for ring systems also to (1,n)shifts with n being an odd number larger than 3. Two
examples of the latter are given in Scheme 3, illustrating an
(1,5)-shift (top) and an (1,7)-shift (bottom) through respective
participation of ring atoms. Because InChI does not consider
(1,n)-shifts (with n ) 5, 7, ...) across two (or more) rings of
fused systems (except those that can be reduced to equivalent
sequences of (1,3)-shifts), respectively defined mobile H
atoms are missing as basis for generating the associated
tautomeric forms. However, our algorithm provides the
following extension to the InChI set of possible tautomers:
If two InChI-based H atom shifts can be combined to a larger
shift across an additional conjugated fragment, this larger
shift will be detected and taken into account. Scheme 4
contains an example of an (1,5)-shift across two fused rings
and its equivalent representation as consecutive sequence of
two (1,3)-shifts (top), and an example of a nonreducible (1,5)shift that is outside the InChI scope, but addressed through
our algorithm (bottom). According to present experience, our
algorithm yields approximately 1/3 more tautomers than the
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Scheme 6. Eight Tautomers of Enprofyllinea

a
The InChI code given in the bottom refers to the first six tautomers, specifying the mobile H atoms and associated heteroatom acceptor sites.
The additional two tautomers, shown as framed structures at the bottom right, are not covered by the InChI code given because of its separate InChI
shift options (H,9,10) and (H,11,13,14). However, they become included when employing the combined sequence (H2, 9, 10, 11, 13, 14) as is done
with our tautomer-generation algorithm. The numbers in brackets specify the individual tautomers in terms of the heteroatoms (InChI numbering)
selected as H atom attachment sites.

Algorithm for Generating Individual Tautomers. The
algorithm introduced here involves three steps: First, the
heteroatoms available for hydrogen attachment are identified,
and the mobile H atoms as defined through InChI are
subdivided into tautomer-active and tautomer-passive subsets.
The latter subset comprises those H atoms that despite their
principally mobile character remain fixed because of valence
rules (see below). At this stage, carbon-carbon bonds
involved in tautomerism are not yet identified.
In the next step, all atoms and bonds not participating in
tautomeric rearrangements will be removed, yielding a
tautomer skeleton with single bonds only. Then, the attachment sites for the hydrogen atoms are specified in a
combinatorial manner. Third, the algorithm tries to define
double bonds along the atom-atom connections of this
skeleton with the attached hydrogens in a conjugated manner
in all possible constellations. If this is not possible, the
skeleton is rejected and no longer tautomer-relevant. Otherwise, the accordingly generated molecular structures are
checked for duplicates that are deleted as well, yielding the
final set of prototropic tautomers.
Step 1: Identification of Heteroatom H Acceptors and
of Tautomer-ActiVe H Atoms. All H atom-accepting heteroatoms are directly available from the respective InChI code
fragment. However, the InChI information on mobile H
atoms needs to be modified for the purpose of tautomer
generation.
First, multiple InChI sequences of mobile hydrogens are
joined into a single sequence. Taking the InChI code of
enprofylline as example (Scheme 6, bottom), the notation
(H,9,10)(H,11,13,14) indicates the following two sequences
of different mobile H atoms: One mobile H atom can be
attached at sites 9 and 10 (that means at one of the two 5-ring
nitrogens) and another mobile H atom at one of the sites 11,

13, and 14 (6-ring heteroatoms except the propyl-substituted
nitrogen). The reason for that splitting is to avoid implausible
structures. However, this splitting results in an a priori
exclusion of two tautomers with no mobile H atom attached
to the 5-ring nitrogens (see the two framed structures at the
bottom right of Scheme 6). Accordingly, it appears more
satisfactory to initially allow for the generation of an upper
bound of tautomer candidates and then exclude valenceincorrect settings as well as duplicates. Thus, in case of
enprofylline our algorithm converts the separate InChI
sequences (H,9,10)(H,11,13,14) into the combined sequence
(H2,9,10,11,13,14), now indicating that there are two,
formally equivalent, mobile H atoms that can be attached to
any two of the five heteroatom sites available. In this way,
also tautomer candidates with both H atoms attached at the
5-ring or at the 6-ring are taken into account. The subsequent
valence check then reveals that the option with both H atoms
at the two 5-ring nitrogens does in fact not lead to valid
structures and is then excluded from further consideration.
Second, the mobile H atoms are checked for multiple
occurrences at single sites. While all mobile H atoms
identified through InChI are mobile in principle, the ones
attached to the same heteroatom are not mobile at the same
time. Moreover, if one of several mobile H atoms at a given
heteroatom has been shifted to generate a new tautomer, then
separate consideration of the remaining H atoms would yield
identical results (duplicates) and thus no further new tautomer. In the algorithm, this issue is addressed as follows:
Initially, the InChI-defined mobile H atoms are considered
as potentially mobile. Then, each heteroatom acceptor site
is checked for free valences in the first InChI sublayer, where
all bonds are still single bonds and where the (potentially)
mobile H atoms are not yet included. Subsequently, H atoms
are attached to heteroatoms with free valences until the latter
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Scheme 7. All Formally Valid Heteroatom-Prototropic Tautomers
of 4,6-Diaminopyrimidine-2-ol, Covering the Unique Tautomer in
the Center and Two Sets of Four Distinct Tautomers (Top Four and
Bottom Four Structures Arranged in Half Circles) that are
Duplicates of Each Other Because of Molecular Symmetrya
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Scheme 8. Construction of the Tautomeric Skeleton of
Enprofylline, Employing the Structure with Mobile H Atoms
Attached at Nitrogen #10 and #11 (Tautomer {10,11} in Scheme 6)
as Starting Structurea

a
Initial deletion of the tautomer-passive N-propyl unit is followed
by subsequent removal of H atoms and double bonds to yield the final
tautomeric skeleton. The latter is used as starting point to generate all
tautomers as described in the text.

a

Among these initially generated nine tautomers, the four duplicates
(say, the ones located in the bottom half circle) are removed in step 4
of our algorithm (see text). Two of the InChI-mobile H atoms are
tautomer-passive, because multiple H atoms at heteroatoms cannot be
moved at the same time and because their separate movement would
yield tautomers already generated otherwise (see step 1 as described
in the text). The principally mobile but tautomer-passive H atoms are
printed in bold.

have gone down to one. The remaining initially mobile H
atoms are now classified as tautomer-passive H atoms, and
no longer belong to the subset of tautomer-relevant H atoms.
Correspondingly, the ones successfully attached to any of
the heteroatoms are classified as tautomer-active H atoms,
and thus form the final subset of mobile H atoms used for
generating individual tautomers.
The approach is illustrated with 4,6-diaminopyrimidin-2ol in Scheme 7. As can be seen, all nine initially generated
tautomers, including four duplicates because of molecular
symmetry (all four bottom tautomers are duplicates of located
top counterparts, the only unique tautomer being the structure
in the center of Scheme 7), contain at least one H atom at
each of the two nitrogens. These principally mobile but
tautomer-passive H atoms are printed in bold in the scheme.
Subsequent exclusion of duplicates (as described in step 4
below) yields five different tautomers, covering the central
structure, as well as the four structures of the four tautomers
located in the upper half circle of Scheme 7.
Step 2: Tautomeric Skeleton Generation. Scheme 8 illustrates the algorithm to obtain the tautomeric skeleton with
enprofylline taken from Scheme 6 (now using tautomer
{10,11} as starting structure). Because sp3-hybridized atoms
except H-acceptor heteroatoms cannot participate in tautomeric rearrangements, respective subunits are identified and
removed from the initial molecular structure. In case of
enprofylline, this concerns the N-propyl subunit shown in
bold in Scheme 8. Then, all H atoms and all atoms with
triple bonds are removed. The latter is done because the
InChI-generated mobile H atoms do not refer to tautomeric
rearrangements involving triple-bonded atoms. After subse-

quent removal of all bonds not connecting two atoms, the
remaining double bonds are counted because their number
remains constant across all prototropic tautomers (see above)
and then converted to single bonds, thus generating the
maximum degree of free valences of all tautomer-relevant
heteroatoms. The resultant tautomeric skeleton is now ready
for tautomer generation. Note, however, that this skeleton
is not suited for detecting ring-chain tautomerism, the latter
of which is already outside the respective InChI scope (as
defined through the InChI mobile H atoms and associated
heteroatom acceptor sites).
Step 3: Combinatorial Assignment of Tautomer-ActiVe
H Atoms and Double Bonds. First, the number of possible
attachments of tautomer-active H atoms to heteroatom
accepting sites is calculated. Then, each respective combinatorial subset (each particular setting of H attachments) is
mapped onto the tautomeric skeleton, and for each such
bonding pattern the relevant number of double bonds is
introduced to meet the valence rules. In graph theoretical
terms, this means that edges will be added to a simple graph,
until the accordingly modified graph consists of a maximal
number of double edges.
More precisely, the algorithm proceeds as follows: After
initial attachment of the tautomer-active H atoms to particular
heteroatoms, these latter have already reached saturation of
their valences and have been identified as such and,
temporarily, removed from the structural skeleton. Then, the
atom of the remaining skeleton with the fewest unsaturated
neighbors, called minimal node degree in Scheme 9, is
selected (randomly in case of more than one equivalent
option), and a double bond is introduced between this atom
and an unsaturated neighbor. Through this step, the valences
of the double-bonded atoms become saturated, and both
bonding partners are, again temporarily, removed. This
procedure is repeated step by step until the required number
of double bonds (that had been calculated previously, see
above) has been introduced. At this point in time, all valences
of all atoms have been saturated, and the final bonding pattern
of the particular tautomer is fixed. Now, the complete
tautomeric structure is built through joining the initially
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Scheme 9. Workflow to Generate from the Tautomeric Skeleton a
Particular Completely Defined Tautomeric Structure, Taking
Enprofylline As Example (Step 3 in the Algorithm, See Text)a
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Generation of the tautomeric skeleton (step 2) through
removal of tautomer-passive sp3 atoms (here, N-propyl unit)
has been illustrated in Scheme 8. Scheme 9 now shows the
stepwise construction of the tautomer {9,11} with the two
mobile H atoms attached at nitrogens #9 and 11, which forms
5
) 10 different
a particular combinatorial subset of the
2
settings of attaching the two mobile H atoms to any two of
the five heteroatom acceptors (step 3). After initial attachment
of the hydrogens at the nitrogens #9 and 11 (first substep of
step 3 ) step 3.1), these nitrogens have reached their valence
saturation and are removed (step 3.2). Subsequently, double
bonds (double edges) are introduced in a stepwise manner
such that no isolated nodes arise (steps 3.3, 3.4, 3.5). For
each of the 10 initial allocations of the mobile H atoms to
tautomer-active heteroatoms, the procedure attempts to assign
the required number of double bonds (edges), in this case
four double bonds, to the resulting molecular fragments.
However, the attachment settings {9,10} (H atoms attached
to both 5-ring nitrogens) and {11,14} are rejected because
of isolated nodes (node #4 resulting from {9,10}, and node
#8 resulting from {11,14}). In step 4, the remaining eight
valid settings are compared via the fixed-H layer layer of
InChI. Because there is no duplicate structure detected, these
eight structures differ from each other and form the final set
of valid tautomers, already shown in Scheme 6.
Application to a Large Compound Set. To demonstrate
the potential relevance of considering tautomers, our algorithm
has been applied to ∼72 500 organic molecules of the European
Inventory of Existing Commercial Chemical Substances
(EINECS).30,31 In 11% of these structures, tautomerism based
on H atom shifts between heteroatom occurs. For most of the
compounds, the number of different tautomers does not exceed
20, and less than 40 substances have more than 500 tautomers.
In total, the algorithm took about 25 min on an Intel Core II
2.4 GHz CPU to generate the tautomers. Depending on the
available hardware, there may be a considerable amount of
additional time to write the results on the hard disk, which is
independent of the algorithm.
QSAR Variation Across Tautomers. The variation of
QSAR predictions across tautomers has been examined
through application of respective models for predicting the
soil sorption coefficient normalized to organic carbon, Koc,28
and water solubility (in mol/L at 25 °C), Sw,29 of the EINECS
compounds. Initial exclusion of compounds with an estimated
number of tautomers larger than 2500 resulted in ∼7900
tautomer sets with a total number of approximately 42 000
individual structures. For these, log Koc and log Sw have been
predicted using our in-house software ChemProp.25 For this
screening-level analysis, we have not considered the chemical
domain,33 keeping in mind that the latter becomes important
when evaluating the confidence of QSAR predictions.
Moreover, we did not exclude any of the generated tautomers
on the basis of energetic arguments. Thus, the QSAR model28
for predicting log Koc could be formally applied to 7466
tautomer sets (comprising 7466 different compounds with a
total of 39434 individual chemical structures), and the suite
of methods29 for predicting log Sw to 7774 tautomer sets
(covering 41607 individual chemical structures).
The results clearly demonstrate the importance of tautomer
consideration. The standard deviation of log Koc across
tautomers was almost 0.4, with individual Koc differences

()

a

During the stepwise procedure, two H atoms are attached at two
particular heteroatom acceptor sites (here nitrogens #9 and #11), and
four double bonds are generated before their (temporary) removal
together with respective bonding partners. The result corresponds to
the top-left tautomer {9,11} of Scheme 6, which is obtained through
building the structure from all temporarily removed substructures
according to the selected path.

removed tautomer-passive substructures (see step 2 above)
and the tautomer-active structural units just described.
During the stepwise procedure of removing atom pairs
connected through double bonds, some atoms, or nodes in
graph theoretical notation, may become isolated. A node is
isolated, when it is not saturated yet, but none of the neighbor
atoms still contains free valences. In this case, the last steps
will be revoked until an atom is reached that has more than
one unsaturated neighbor. Then, for this atom a double-bond
partner is selected that is different from the previous
unsuccessful path, and the stepwise procedure continues as
described above. If, however, no such alternative pathway
can be found when going backward from an isolated node,
the particular allocation of H atoms to heteroatom acceptors
is invalid, and the respective combinatorial subset is rejected.
Step 4: Duplicate RemoVal. There are several straightforward approaches to achieve this task. A simple but effective
opportunity is to compare the InChI keys of the resulting
tautomers: After the creation of all valid subsets, the codes
including the fixed fixed-H layer will be generated. In the
original InChI software, this option is called “without the
mobile H perception”. This provides a means to detect
identical solutions by hash code comparison. Duplicates
detected in this way are then removed, resulting in the final
set of different prototropic tautomers. Coming back to 4,6diaminopyrimidin-2-ol in Scheme 7, the four tautomers in
the lower part are duplicates of the four structures in the
upper part, which is detected and accounted for at this step
4 of our algorithm.
Example. The procedure is illustrated further with the
already discussed drug enprofylline. From the InChI code
(Scheme 6, bottom), five H-accepting heteroatom sites (N
atoms #9-11, and O atoms #13-14) are obtained, identifying the propyl-substituted nitrogen (atom #12) as tautomerpassive. In this case, the InChI number of mobile H atoms
equals the number of tautomer-active H atoms, which is two.
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Table 1. Variation of QSAR Predictions for log Koc and log Sw Across Tautomers and Associated Ranges of the Tautomer Energiesa
predicted property range

AM1 energy range of
InChI-based tautomers

AM1 energy range
of all tautomers

compound name

chemical
formula

no. InChI-based
(heteratom-confined)
tautomers

∆ (log Koc)

∆ (log Sw)
[mol/L]

∆ (∆Hf)
[kJ/mol]

total no.
tautomers

∆ (∆Hf)
[kJ/mol]

enprofylline
primisulfron
tribenuron
sulfalene
nitrofurantoin
dimethoate
icosanamide
timiperone
tromantadine

C8H10N4O2
C14H10F4N4O7S
C14H15N5O6S
C11H12N4O3S
C8H6N4O5
C5H12NO3PS2
C20H41NO
C22H24FN3OS
C16H28N2O2

8
5
2
2
3
2
2
2
2

1.11
1.85
1.01
0.61
0.61
0.24
0.24
0.71
0.24

0.38
0.71
0.25
0.72
0.05
0.32
0.1
0.74
0.32

118.28
67.57
42.73
55.04
87.22
44.48
54.31
9.54
61.04

14
11
12
5
5
3
3
4
3

192.34
87.62
116.42
137.12
119.93
44.77
66.00
38.3
87.09

log Koc (soil sorption coefficient normalized to organic carbon) and log Sw (water solubility in mol/L at 25 °C) have been predicted for all
tautomers of the nine compounds with QSAR models taken from literature28,29 as implemented in ChemProp.25 The InChI-based tautomers
confined to H atom shifts across heteroatoms were generated by our newly developed algorithm, and the additional tautomers involving sp2
carbons in H atom shifts were constructed manually, resulting in a correspondingly larger total number of tautomers as specified in the second
last column. The calculated heats of formation at 25 °C, ∆Hf [kJ/mol], were obtained from AM126 calculations including geometry
optimization with the MOPAC software.27
a

Table 2. Variation in log Koc and log Sw [mol/L] of the Tautomer-Active Subset of Organic EINECS Compounds in Terms of Value Ranges
and Associated Numbers of Compounds, as Well as Numbers of Tautomers Per Compounda
no. of compounds for
a given property range x ) ∆ (log Koc)

no. of compounds for
a given property range x ) ∆ (log Sw) [mol/L]

number of
tautomers per
compound

x e 0.5

0.5 < x e 1

1 < x e 1.5

1.5 < x e 2

x>2

ye1

1<ye2

2<ye3

3<ye4

y>4

e5
6-50
51-500
>500

5198
122
0
0

1044
359
2
0

326
207
8
0

31
99
3
0

21
32
2
12

6237
524
5
0

439
299
5
8

76
61
2
1

23
30
4
3

33
24
0
0

a
log Koc (soil sorption coefficient normalized to organic carbon) and log Sw (water solubility at 25 °C in mol/L) have been predicted for all
tautomers of the nine compounds with QSAR models taken from literature28,29 as implemented in ChemProp.25 The prototropic tautomers
generated result from the mobile H atoms and associated heteroatom acceptor sites as defined in the InChI code. Omitting compounds with
estimated numbers of tautomers larger than 2500 (see text); log Koc was predicted for 7466 compounds across 39 434 individual tautomers, and
log Sw for 7774 compounds across 41 607 individual tautomers.

between the tautomers of a given compound up to 4 orders
of magnitude. For the log Sw prediction, the standard
deviation across tautomers was 0.75, with maximum differences in Sw of more than nine logarithmic units.
Table 1 shows the variations in predicted log Koc and log
Sw for enprofylline, for primisulfron with five distinct
tautomers, nitrofurantoin with three distinct tautomers, and
for six further compounds with only two distinct tautomers.
In addition, the molecular energy variation across tautomers
is quantified through calculated heats of formation at 25 °C,
∆Hf, employing the semiempirical quantum chemical AM126
model including geometry optimization as implemented in
MOPAC.27 As can be seen from the table, the tautomer
variation in log Koc is not correlated with the one in log Sw,
reflecting corresponding differences in the dependencies of
both properties on molecular structure. Similarly, larger
differences in log Koc or log Sw are not necessarily associated
with larger differences in ∆Hf.
These finding are illustrated with the calculated values
obtained for enprofylline, primisulfron, sulfalene, and timiperone: Enprofylline yields a log Koc variation across its eight
tautomers of 1.11 as opposed to a corresponding log Sw
variation of 0.38, accompanied by a ∆Hf variation of 118.3
kJ/mol. With primisulfron, both the log Koc and log Sw
variation are significantly increased, while the variation in
∆Hf is reduced by a factor of 2. Sulfalene and timiperone
show similar variations in log Koc and log Sw of about

0.6-0.7, but substantial differences in the associated ∆Hf
variations (82.1 kJ/mol vs 29.3 kJ/mol; see Table 1).
Coming back to the EINECS subset of compounds with
tautomerism through H atom shifts between heteroatoms,
Table 2 summarizes an analysis of the variation in predicted
log Koc and log Sw as compared to the number of tautomers
per compound. For Koc, 70% of the compounds (5198
compounds) yield variations across tautomers smaller than
0.5 log units, and 5% (378) yield log Koc variations larger
than 1. With water solubility, 80% (6237) of the compounds
show variations across tautomers below one log unit, 6%
log Sw variations between 1 and 2, and 1.7% log Sw variations
larger than 2.
Interestingly, there is no distinct relationship between the
number of tautomers per compound and the property
variation across tautomers for both log Koc or log Sw. Among
the (many) compounds with less than five different tautomers,
variations of more than two log units are still observed for
21 compounds with regard to Koc and for 132 compounds
with regard to Sw. Moreover, 33 compounds with less than
five tautomers yield predicted Sw differences of more than
four log units, 24 compounds with 6-50 different tautomers
provide similar log Sw ranges, but none of the 28 compounds
with more than 51 distinct tautomers yield log Sw variations
above four log units.
Energetic Stability of Tautomers. Finally, we come back
to the InChI approach of confining the H shifts to heteroa-

TAUTOMER GENERATION BASED

ON INCHI

toms. As mentioned above, the reasoning behind this
approach is the assumption that in most cases, the most stable
prototropic tautomers are those generated through H shifts
across heteroatoms.
For the nine compounds of Table 1, we have augmented
these heteroatom-based tautomers manually by tautomers
with H atom shifts involving sp2 carbons. Moreover, AM1
has been applied to calculate their heats of formation, ∆Hf.
As can be seen from comparing the third and the second
last column of the table, inclusion of tautomer-active sp2
carbons increases the total number of tautomers by 28-60.
The associated increase in ∆Hf variation is between 0.3 and
82.1 kJ/mol, and above 10 kJ/mol in eight of the nine cases.
Interestingly, for only two compounds (primisulfron and
tribenuron), the lowest-energy tautomer is one involving an
sp2 carbon as H atom acceptor. For all other seven compounds, the subset of heteroatom-confined tautomers includes
the thermodynamically most stable structure.
While the currently selected nine compounds are certainly
not representative for the chemical domain of large inventories, such as the EINECS list, the results nevertheless
suggest that in accord with the InChI approach, H atom shifts
across heteroatoms will usually dominate the tautomeric
equilibrium of chemical substances. Whether this can be
confirmed with a large data set is subject of an ongoing study
and will be reported in due course.
CONCLUSIONS

The presently developed algorithm enables a fast generation of all formally valid prototropic tautomers resulting from
the mobile H atoms and their associated heteroatom acceptor
sites as defined in the InChI code. As such, it provides an
efficient tool to identify those tautomers that because of their
restriction to H atom exchanges between heteroatoms usually
include the thermodynamically most stable structures. Moreover, the energetic stability range of the accordingly generated tautomers is typically (but not necessarily) more narrow
than when including sp2 carbons as tautomer-active sites.
Apart from energetic considerations, the algorithm yields a
lower bound of the theoretically possible number of tautomers. If combined with more comprehensive tautomer
generation procedures, the algorithm will allow for a fast
assessment of the number of heteroatom-confined tautomers
as compared to the total (or essentially total) number of
possible tautomers. In addition, the developed tool may serve
to screen the dependence of QSAR predictions, as well as
of chemical database searches and associated structural
retrievals on tautomeric features, and may provide pertinent
information about respective variations across thermodynamically reasonable tautomers.
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