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Abstract

Accurate calculation of relative tautomer energies in different environments is a prerequisite to many parameters of relevance
in drug discovery. This work provides a thorough benchmark of the semiempirical methods AM1, PM3 and GFN2-xTB, the
force-field OPLS4, Hartree-Fock and HF-3c, the density functionals PBEh-3c, B97-3c, r2SCAN-3c, PBE, PBEQ, TPSS, r2SCAN, w-
B97X-V, M06-2X, B3LYP, B2PLYP, and MP2 versus the coupled-cluster gold-standard DLPNO-CCSD(T) with def2-QZVPP basis
sets applied. The outperforming method identified is M06-2X, whereas r2SCAN-3c is the best-perfoming method in the set of
cost-optimized ones. Application of the identified methods on a challenging subset from the SAMPL2 challenge provides
evidence that deviations from experiment is caused by deficiencies of current continuum solvation methods.

Introduction

Tautomers are the chameleons of chemistry. They change dependent on the environment from one structure to another,
resulting in prominent changes of their molecular properties like shape, electron density distribution and polarization, hydrogen
bonding, lipophilicity, solubility, or pK,. The general scheme for tautomerism is

G-X-Y=ZoX=Y-Z-G

The most common case with G being hydrogen is prototropic tautomersim. For X and Y being heteroatoms like nitrogen,
oxygen or sulfur, the activation barriers are typically low and the interconversions between the tautomeric forms is more or less
instantly when transferring the molecule between different environments, with the observed overall rates depending on the
rates for forward and reverse rates. If both are similar in magnitude, the observed rate k., = 10° s~ " is quite high and rises
towards the relative diffusion limit as the imbalance increases. Due to the fast equilibrium, there is no way to isolate one
tautomer.

Tautomerism strongly affects the apparent potency of compounds if the dominant tautomer is not the target-bound form.~
Therefore, the energy difference between the predominant form in water and the one in the binding site with lower but not
exactly quantifiable dielectric constant will have to be substracted from the theoretical binding affinity of the ligand. This
energy difference stems from a delicate mix of change in conformation - which is actually an ensemble of accessible
conformer states, the change in polarization due to the solvent respectively protein environment, and in many cases the
protonation state.”®

Estimations of the numbers of compounds undergoing tautomersim differ dependent on the dataset considerd. Sitzmann et
al. identified 67% of the molecules in the NCI Chemical Structure DataBase to have more than one tautomer, whereas for the
marketed drugs as of 2009 only 26% existed in more than one tautomeric form.

Predominant tautomers in different environments can be identified and to a certain extent quantified by experiments in gas-
phase, differnet solvents and solids, and the interested reader is referred to the monography edited by Antonov. The
experimental techniques described in depths therein are absorption UV-vis spectroscopy, stationary and time-resolved
fluorescence spectroscopy, femtosecond pump-probe spectroscopy, or NMR, also by utilizing isotope effects. By X-ray
diffraction fixated tautomers as well as thermally or photo-induced tautomersim can be detected.

Nevertheless, a major source of insights into tautomerism is by computation, and here dominated by quantum-chemical

methods, but also empirical approaches® and to a certain extent reactive force fields? and quite recently by the combination of
machine learning and relative alchemical free energy methods.

Computation consists of two steps: tautomer generation and energy calculation. Tautomer generation is straightforward and
many algorithms were implemented in commercial software starting with the Daylight toolkit in 1999 and public tools like rdkit
or ambit. Cheminformatics-based tautomer generators systematically apply transformation rules iteratively with pruning
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based on search-depth and identicals identification, without guarantee of completeness, and without providing relative
tautomer energies.

The second step, the energy calculation, requires quantum mechanical calculations to be performed. In the last 20 years, there
were many studies that applied certain combinations of QM method, basis set, implicit solvation model, on single conformers
or on ensembles, but there were no systematic benchmarks on the performances of the settings used. Regrettably, the GTN30
QM benchmark set does not contain a tautomer dataset, otherwise this study probably would not have been needed to be
performed. The most comprehensive comparison was performed in the SAMPL2 challenge in 2010 that had 20 submissions
form 7 participants. In conclusion the organizers stated that for errors of lower than 1.5 kcal/mol one should aim for at least
MP2/pVDZ level of theory (though it is known that double-zeta basis sets or below border line for perturabtion theory). And
finally, Fogarassi showed for the four non-ring systems considered that the convergence with respect to the computational
level was always different, without conclusion on a method of choice.

In this publication | therefore focus on benchmarking approximate semiempirical and rigorous quantum chemistry as well as
density functional methods on their performance on a set of common tautomeric ensembles, knowing that there exist many
more transformations like the ones described in comprehensive publication by Sayle.! Aim is to identify a reliable and stable
work-horse for daily computation in a drug discovery setting. The best combinations of method and basis sets are then
applied to a challenging subset from the SAMPL2 challenge.

Methods

Tautomer structures were generated with Pipeline Pilot 21.2 using the component Enumerate Tautomers? followed by 3D
structure generation with corina. The imine double bond isomers which are distinct tautomers had to be created manually
from the result set from Pipeline Pilot.

Hartree-Fock, GFN2-xTB, density-functional theory, Moeller-Plesset and the DLPNO approximation to coupled-cluster CCSD(T)
calculations were performed with orca 5.0. Semiempirical AM1, PM3 and OPLS4 force field calculations were performed in
Schrodinger maestro 2021-4.

Structures were pre-optimized with GFN2-xTB and optimized with PBEQ' with D3 dispersion correction applying Becke-Johnson
damping (BJ) and def2-TZVP with def2/J auxiliary bases.

Tautomer energies were obtained using the quadruple-zeta quality basis set Def2-QZVPP'2 and def2/J and def2-QZVPP/C
auxiliary functions. Eight different density functionals of rising complexity, the general gradient approximation functional PBE,
the meta-GGAs PBEO0,%° TPSS and r2SCAN, the range-separated w-B97X-V, the hybrids M06-2X and B3LYP, and the double-
hybrid B2PLYP were applied. The same basis set was used as for our gold-standard CCSD(T) and for MP2 as a well-
established standard for the perturbative treatment of electron correlation. Hartree-Fock baseline energies were determined
with def2-SVP basis set.

The approximate respectively low-cost methods tested are the general all-atom force field OPLS4'7, the semiempirical
methods AM1, PM3 and GFN2-xTB, and the Grimme zoo of “3¢” methods with HF-3¢, PBEh-3¢, B97-3¢c and r2SCAN-3c.

Solvation free energies in solvent water were added applying the default continuum solvation models of the software used.
SMD continuum solvation was applied for HF, HF-3¢c, MP2, CCSD(T), all DFT and DFT-3¢c methods. The analytical linearized
Poisson-Boltzmann (ALPB) was used for GFN2-xTB, COSMO for AM1 and PM3, and an analytical Generalized-Born/Surface-
Area (GB/SA) model for OPLSA4.

For extrapolation to basis set limit, the scheme of Zhong et al. was applied for SCF and the scheme from Helgaker et al. for
the couple-cluster correlation energy,*" with the family of correlation-consistent basis sets. Thermochemical corrections to free
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energies were added from optimization and calculation of the second derivatives using PBE0-D3(BJ) and the def2-TZVP basis
set.

Data Sets

The benchmark dataset was taken from the publication by Milletti et al. They had identified tautomer preferences in PDB and
CSD crystal structures and additionally experimental and computed relative energies in water, organic solvents and gas-phase.
It comprises of 13 small compounds that are typical fragments found in many drug-like molecule cores and substituents, thus
representing common tautomeric moieties.

Focus of the original publication was on hit enrichments in docking studies by inclusion of either all or the low-energy
tautomers. The respective tautomer energy predictions there stemmed from a cheminformatics tool that takes into account
known tautomer patterns, pKa calculations and matches to generic fragments from prevalent tautomers. According to the
authors, the 13 compounds (see Scheme 1) split into two groups: compounds 1-7 undergoing annular tautomerism resulting
in relatively low AG, whereas compounds 8-13 having higher energy differences AG.

Since this work is a benchmark of computational methods, we are not only interested in the two lowest states but in the
complete sets. Six of the molecules have only 2 or 3 tautomer states, whereas the other seven have multiple states, including
imine cis-trans double bond tautomerism.

The second “Experimental” dataset is taken from the SAMPL2 challenge from 2010. The original set comprises of 34
compounds in three subsets, the explanatory set for which experimental values were given upfront, the obscure set with values
disclosed only after closing, and the investigatory set for which no experimental values exists. In this study a subset of 14
challenging tautomer equilibria is used based on the selection by Wieder et al.® with structures given in Scheme 2.

Results
Identification of a Reliable Method with the Benchmark Dataset

Coupled-cluster theory with single, double and perturbative triple excitations is used as the accepted gold-standard for
reference energies, with the polarized quadruple-zeta quality basis set def2-QZVPP to rule out significant effects due to basis
set size. Basis set effects are probed for by application of double- and triple-zeta basis set and by a correction scheme to
complete basis set limit. Finally, a test on the necessity to add thermal corrections to free energies is performed.

The following sections we will first provide results for various density functional methods and second-order Moeller-Plesset
theory MP2, applying the same polarized quadruple-zeta basis set def2-QZVPP followed by pure Hartree-Fock with double-zeta
basis set def2-SVP and the HF-3c approximation, three semiempiriical methods AM1, PM3 and GFN2-xTB, three low-cost
density functionals PBEh-3c, B97-3c and r2SCAN-3c, and finally a state-of-the-art force field with OPLS4 that is widely used in
molecular design. The benchmarks are performed for gas phase and implicit solvation in water.

Tautomer state energies from Coupled-Cluster Theory

Before we start with the comparison of the various methods we take a look at the CCSD(T) results. Just as a comment. Since
the states in Scheme 1 were defined arbitrarily in a systematic way, we can not per se assume state 1 to be the lowest energy
state.

Table 1 provides a summary of the benchmark data. The dataset comprises of five molecules with just two tautomers, but
also five molecules with, including imine double bond stereoisomers, up to 12 tautomers. As we will see, imine double bond
isomers are tautomers with distinct tautomer energies.
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Table 1
Tautomer states and CCSD(T) relative state energy differences in kcal/mol between the lowest to second lowest or or lowest to
highest states. For molecules with only two tautomers the values in the lower part of the table have been ommitted for clarity.

Molecule 1 2 3 4 5 6 7 8 9 10 11 12 13
number

Number 2 12 8 2 2 9 9 2 6 5 3 2 3
of states

?Egas 456 8.95 1.04 416 592 410 1.81 2.10 10.26 14.41 1405 7.70 8.87
2nd-
min)

?Ewater 3.33 1.17 0.25 1.23 266 1.15 4.37 3.21 8.18 11.39 1238 1195 8.65
2nd-
min)

ddE 123 7.78 0.79 293 326 295 256  -1.11  2.08 3.02 1.67 425 0.22

(gas-
water)

lowest 1 1 2 2 1 1 6 2 1 1 1 1 1
state
gas

2nd 2 2 1 1 2 3a 3b 1 5 3 2b 2 2a
lowest
gas

lowest 1 1 1 2 1 1 1 1 1 1 1 1 1
state
water

2nd 2 2 2 1 2 2 2 2 2 3 2b 2 2a
lowest
water

dE gas 30.72 21.72 26.72 20.23 2472 31.58 16.79 12.09
(max-
min)

dE water 1843 1474 22.74 20.94 15.60 2423 13.22 9.64
(max-
min)

ddE 1229 6.98 3.98 -0.71 9.11 7.35 3.56 2.45

lowest 1 2 1 6 1 1 1 1
state
gas

highest 5a 4 4a 4b 3 5 2a 2b
state
gas

lowest 1 1 1 1 1 1 1 1
state
water

highest 5a 3 4a 4b 3 5 2a 2b
state
water

As stated by the dataset authors, the split into compounds 1-7 undergoing annular tautomerism and 8—13 with tautomerism
not located in the ring system, results in two sets with low and higher AG between the first and second state, but with one
prominent exception, namely 2-pyridone/2-hydroxypyridine 8 that is in the low energy group, too.
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Solvation in most of the cases lowers the energy gaps between the lowest to second states and the lowest to highest states
compared to gas-phase except for 7, 8, 12. Compound 13 shows this lowering for lowest to highest but about identical gaps
for lowest to second.

Solvation also changes the order of states for compounds 3, 6, 7, 8, 9 in case of lowest to second state and for compounds 3
and 7 in case of lowest to highest states. The change in tautomer preference for compound 8, 2-hydroxypyridine being the
preferred state in gas-phase and 2-pyridone the preferred one in water, is a well-known and prominent example. And as we will
see, also a challenging case for most computational methods.

Density Functional Theory and MP2

The benchmarked density functional methods include the generalized gradient approximation functional PBE, the meta-GGA
functionals PBEO, TPSS and r2SCAN, the range-separated w-B97-X, hybrids M06-2X and B3LYP, and the double-hybrid B2PLYP.
Solvation free energies were calculated with the SMD solvent model and the solvent water.

First, we look into the rank ordering of the tautomers. Figure 1 provides the profiles for three representative examples for
solvated (a-c) and gas-phase (d-f) molecules. Plots for all molecules can be found in Supporting Information Figures S1 and
S2.

In case of water solvation all methods rank the tautomer states correctly for 10 out of 13 molecules, whereas MP2 and M06-
2X rank-order all states for all molecules correctly. For molecule 3 we find wrong orders for tautomers 3.4, 3.7 and 3.8, for 7
inconsistent energies for 7.3b and 7.6, and for molecule 9 for 9.3 and 9.6. Imine double bond stereoisomerism for almost every
pair leads to different tautomer energies in molecules 2 (3 out of 4 pairs), 6 (2 out of 3), 7 (2 out of 3) and 11 (1 out of 1).

The gas-phase rank-orders are correctly reproduced by all methods for all molecules except 2 (2.2 and 2.3), 7 (7.1,7.3b, 7.6), 8
(1and 2),9 (9.2 and 9.6). The observation of generally larger energy gaps in gas-phase compared to solvation seen with
coupled-cluster for most compounds is reproduced by all methods, being larger in gas phase for eight molecules and lower for
three compounds, namely 7, 8, and 12. Again, the double bonds isomers have distinct energies for most of the pairs.

Comparing now water and gas-phase, we find the same ordering of all states for only six molecules as there are 1, 4, 5, 11, 12,
13 that have two tautomers and compound 10 having five tautomers. For compounds 2, 3, 6, 7, 8, 9 not even the two lowest
energy states are conserved between water and gas-phase. Most prominent example is 2-pyridone 8. In water the 2-pyridone
state is predicted to be the preferred state by all methods, but with dE between 2 kcal/mol by MP2 and around 6 kcal/mol by
PBE, TPSS and B3LYP, compared to the coupled-cluster value of 3.21 kcal/mol. Contrary, in gas-phase the 2-hydroxypyridine
state is preferred by 2.1 kcal/mol according to CCSD(T). Again, PBE, TPSS and B3LYP predict the other state or no energy
difference. Only M06-2X reproduces the gold-standard dE’s with 3.41 and - 2.69 kcal for water and gas-phase, respectively.

Whereas it is encouraging that rank-ordering works mostly for all the methods and MP2 and M06-2X even do a perfect job in
this respect, the deviations for the energy differences per each state are significant but are important to identify the method of
choice.

The curves in Fig. 1 (and the full set of curves in Supporting Information S1 and S2) already provide some indication that not
all methods perform well in this respect. At least half of the lines for the states show significant kinks, i.e. deviations from the
reference energies. Figure 2 provides bar charts per state and per method for molecules 2, 7 and 8 in water. Bar charts for all
molecules are provided in Supporting Information Figures S3 and S4 for water and gas-phase environment, respectively.
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Table 2

Mean unsigned errors MUE for the individual molecules and mean, median and maximum MUE
values and standard deviations in kcal/mol calculated as scaled absolute deviations between
CCSD(T) and respective method. Top half of the table reports results in water and bottom half in
gas-phase. The basis set used throughout is def2-QZVPP. Best performing method is in bold and
italic, MUE equal or below 0.1 kcal/mol in bold.

PBE PBEO TPSS R2SCAN wB97-X MO06-2X B3LYP MP2 B2PLYP

Continuum solvation

1 0.21 015 0.10 0.11 0.52 0.31 0.19 0.48 0.02
2 0.74 0.30 0.65 0.31 0.16 0.12 0.35 0.57 0.25
3 098 0.84 1.16 0.85 1.20 0.29 1.16 0.37 0.75
4 0.06 0.12 0.12 0.03 0.05 0.02 0.05 0.15 0.03
5 0.08 0.36 0.01 0.25 0.10 0.20 0.03 0.20 0.04
6 0.72 1.05 0.97 1.10 0.90 0.18 0.99 0.37 0.81
7 144 1.64 1.56 1.72 1.47 0.66 1.63 039 1.26
8 141  0.99 1.50 1.26 0.86 0.10 1.28 0.61 0.80
9 1.09 1.00 1.45 1.14 1.41 0.30 1.49 0.53 0.92
10 042 0.70 0.90 0.60 1.37 0.51 1.15 0.07 0.82
11 1.04 0.24 0.92 0.57 0.09 0.05 0.58 1.22 0.07
12 0.50 0.86 0.29 0.80 0.17 0.44 0.77 0.34 042
13 0.51 0.26 0.52 0.27 0.40 0.17 0.66 1.01  0.07
Mean 0.71 0.65 0.78 0.70 0.67 0.26 0.80 049 048
Median 0.72 0.70 0.90 0.60 0.52 0.20 0.77 039 042
Stddev 045 0.44 0.53 0.49 0.53 0.18 0.52 031 041
Max 144 1.64 1.56 1.72 1.47 0.66 1.63 122  1.26
Gas-phase

1 0.25 0.21 0.12 0.09 0.64 0.45 0.20 0.55 0.02
2 0.88 0.54 0.71 0.48 0.63 0.43 0.31 0.64 0.40
3 086 0.43 0.94 0.60 0.81 0.35 0.70 0.29 047
4 0.12 0.14 0.17 0.01 0.14 0.06 0.01 0.27 0.02
5 0.02 0.37 0.07 0.25 0.21 0.24 0.01 0.26 0.08
6 088 1.16 1.10 1.25 1.13 0.36 1.14 0.59 1.06
7 230 1.94 2.27 2.29 1.63 0.64 1.95 081 1.66
8 149 0.73 1.47 1.11 0.52 0.29 0.98 0.48 0.66
9 1.09 0.71 1.25 0.95 1.06 0.74 0.99 0.33 0.67
10 0.63 0.85 1.02 0.85 1.57 0.45 1.13 035 0.92
11 090 0.09 0.73 0.28 0.34 0.30 0.22 1.36  0.21
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PBE PBEO TPSS R2SCAN wB97-X MO06-2X B3LYP MP2 B2PLYP
12 0.75 0.98 0.43 0.97 0.12 0.56 0.93 042 0.53
13 0.55 0.20 0.51 0.15 0.40 0.15 0.71 1.52 0.08
Mean 082 0.64 0.83 0.71 0.71 0.39 0.71 0.61 0.52
Median 0.86 0.54 0.73 0.60 0.63 0.36 0.71 0.48 047
Stddev  0.58 0.50 0.59 0.60 0.49 0.18 0.54 0.39 0.46
Max 230 1.94 2.27 2.29 1.63 0.74 1.95 1.52 1.66

As can be seen from the three example molecules already, the functionals PBE, PBEO, TPSS, r2SCAN and wB97-X perform
weaker than the others where the picture looks more mixed. The direction of the errors is different between methods for
molecule 2, always positive for all except the lowest energy state for 7, and positive for molecule 8 except for MP2. Comparing
the three plots in Fig. 2, (the y-axis has the same range for all molecules in Fig. 2 but not for the plots in Supporting
Information, to allow for optimal representation of the data) one can see that the errors are quite small for all methods in case
of 2 but typically 2 kcal/mol or more in case of the other two compounds, with the exception of the functional M06-2X.

Generally speaking, the observations for the calculations with continuum solvation are confirmed by the gas-phase data, but
there are differences between molecules for the two settings as shown in the following.

Method performance is quantified in Table 2 that reports mean unsigned errors MUE (aka mean absolute error) per molecule
and method, calculated by the sum of the absolute errors of the states between CCSD(T) and the respective method and
divided by the number of states.

The observations deduced from the three examples in Fig. 2 are confirmed by MUE statistics. The MUE values (in kcal/mol)
over all molecules can be grouped into three classes: M06-2X has mean, median and maximal MUE of 0.26, 0.20 and 0.66 that
are significantly lower than in the second group of methods consisting of MP2 (mean 0.48) and B2PLYP (mean 0.48) and
finally the other six functionals with mean MUE between 0.65 and 0.80 and max MUE between 1.44 and 1.72. The same
overall picture is seen for gas-phase, but with slightly higher values for M06-2X (mean 0.39), MP2 (mean 0.61), B2PLYP (mean
0.52) and another increase in the maximum MUE of 1.63 to 2.30 for the weaker performing DFT methods.

In case of continuum solvation M06-2X is the best performing method in 7 cases, and not far off for the other molecules. MP2
is top performing two times, and B2PLYP three times. For gas-phase M06-2X is ranked best only three times, but not far off
otherwise. Overall, M06-2X is highly consistent across compounds as reflected in the low standard deviations of 0.18 kcal/mol
in both environments and therefore the preferred method of choice.

Low-cost Methods

Let's now look into more compute cost-effective methods. Pure Hartree-Fock HF/def2-SVP was considered as a baseline here
due to its missing electron correlation and limited basis set size. HF-3¢ with corrections for basis set incompleteness, electron
correlation and dispersion was expected to outperform pure HF. With AM1 and PM3 two NDDO semiempirical methods with a
long history were included, alongside the recently introduced GFN2-xTB that is now widely used in many areas of research. We
also apply three cost-optimized density functional approaches from the Grimme group, namely PBEh-3c, B97-3c and r2SCAN-
3c, and finally the general all-atom force-field OPLS4.

Though it is kind of “text-book knowledge” that force-field energies are themselves meaningless when comparing compounds
with different configurations, i.e. topologies (what tautomers are), This method-inherent fact is overseen quite often,® and it
was eye-opening to find tautomer energy differences to be far off for almost any state of any molecule. Far off here means
even of up to hundreds of kcal/mol for some states, as can be seen from the truncated curves in Fig. 3 (similar data were
obtained for MMFF test calculations). Therefore, the OPLS4 values are not considered in the following.
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As expected, the deviations from the CCSD(T) reference energies are larger for cheaper methods, and less consistent between
the methods, as can be seen from Fig. 3 and from the complete sets of state energy plots in water and gas-phase in
Supporting Information Figures S5 and Sé.

Of the solvated molecules, only 1,10, 12 and 2 (except for almost degenerate states) are ranked correctly by all methods. In
gas-phase, this is true only for compound 1.

Comparison of pure HF with HF-3c reveals that the HF energies in both water and gas-phase are significantly closer to the
reference than the HF-3c energies, though the former does not include electron correlation. HF therefore performs well but due
to error-compensation. The three semiempirical methods all over- and undershoot for some molecules but are close for others,
with errors as high as 10 kcal/mol (4, water) or even the AM1 value of -114 kcal/mol for the thiol tautomer of thio-imidazole 12
in gas-phase (outlier value was re-confirmed by AM1 calculations with orca).

For both media the cost-optimized DFT methods perform very well as shown in Fig. 4 (complete sets of plots for water and
gas-phase are provided in Supporting Infromation S7 and S8), especially for the low-energy states, with PBEh-3c sligthly
inferior to the others. The notable exception again is compound 8, for which PBEh-3c is much closer to CCSD(T) than B97-3c
and r2SCAN-3c.

As before, method performance is quantified by the mean unsigned error MUE between the state energies of the respective
method and the reference CCSD(T) for each molecule, as given in Table 3.

For the cost-optimized methods, there is only a slight difference between water and gas-phase performance. Here, we identify
three groups of methods. The first group consists of r2SCAN-3c and B97-3c. By far best-performing is r2SCAN-3¢ with mean,
median and maximum MUE of 0.73 (0.72), 0.72 (0.63) and 1.72 (2.09) kcal/mol for water and in brackets gas-phase,
respectively. It is followed by B97-3c with mean MUE of slightly more than 1 kcal/mol, but still separated from the other
methods by lower maximum errors. The second group consists of PBEh-3¢, GFN2-xTB and HF with mean errors below 2
kcal/mol, and finally the NDDO semiempirical methods AM1 and PM3 but also HF-3c, which was Grimme's first attempt for a
parametrized low-cost QM method. For those three, the mean and especially the maximum MUE are much too high for
practical usage. Even if the AM1 failure for thioimidazole 12 is excluded from the calculation, the mean, median and max gas-
phase MUE for AM1 are still 3.91, 3.44 and 11.91 kcal/mol.

The obvious choice thus is r”2SCAN-3c, the “swiss-army knife” as it was called by the authors.2? It is the top-performing method
for 10 out of 13 compounds in case of water solvation, and for 9 out of 13 in case of gas-phase. Again, this is reflected by the
standard deviations of 0.50 and 0.57 kcal/mol in water and gas-phase. It does not reach the quality of M06-2X or MP2 with
quadrupole-zeta basis set. Nevertheless, in case compute time is limited, it is the obvious choice, like for larger molecules that
require the calculation of multiple conformations and for each conformation all tautomer states. For the small molecules here,
r2SCAN-3c takes around 5 to 10 s per single-point, whereas M06-2X is in the range of 2 min.
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Table 3

Mean unsigned errors MUE in kcal/mol for the individual molecules and mean, median and
maximum MUE values and standard deviations in kcal/mol calculated as scaled absolute
deviations between CCSD(T) and respective method. Top half of the table reports results in
water and bottom half in in gas-phase. Best performing method is in bold and italic, MUE equal
or below 0.5 kcal/mol in bold.

AM1 PM3 GFN2xTB HF HF-3c PBEh-3c B97-3c r2SCAN-3c

Continuum solvation

1 0.35 121 0.35 1.54 443 0.37 0.13 0.13
2 1.61 2.51 292 236 6.12 2.35 0.41 0.36
3 2.04 219 243 216 3.76 1.39 1.43 0.95
4 512 3.59 048 0.57 1.47 0.35 0.00 0.18
5 5.33 346 0.01 069 2.10 0.56 0.13 0.03
6 2.50 1.87 210 3.07 3.57 3.02 1.59 0.74
7 2.01 147  2.67 272 246 3.21 217 1.72
8 0.38 044 1.17 079 3.77 0.85 1.87 1.28
9 3.03 146  3.25 3.87 4.00 2.09 2.07 1.04
10 4.47 123  6.30 448 7.81 1.88 1.50 0.31
11 1.61 1.57 1.45 1.71  7.00 1.85 0.65 0.63
12 2.75 392 0.28 116  8.92 1.50 1.38 1.36
13 1.32 274  1.39 0.39 0.35 0.79 0.65 0.72
Mean 2.50 213 1.91 1.96 4.29 1.55 1.08 0.73
Median 2.04 1.87 1.45 171 3.77 1.50 1.38 0.72
Max 5.33 392 6.30 448 892 3.21 217 1.72
Stddev  1.56 1.01  1.63 125 244 0.92 0.75 0.50
Gas-phase

1 1.14 0.08 0.11 194 464 0.56 0.13 0.10
2 2.79 3.51 272 393 574 2.89 0.53 0.43
3 3.83 284 1.13 1.62 434 1.41 1.24 0.60
4 5.02 460 0.35 0.87 1.61 0.39 0.09 0.15
5 5.60 498 1.1 1.04 260 0.57 0.17 0.01
6 3.13 3.54 1093 3.09 3.15 3.25 1.99 0.79
7 3.33 149 1.83 1.37 249 3.28 2.73 2.09
8 0.85 121  0.62 025 274 0.81 1.80 1.10
9 3.54 3.93 313 312 4.64 2.25 1.92 0.88
10 4.48 405 412 414 7.16 2.40 1.92 0.63
11 1.35 213 263 230 6.47 2.07 0.27 0.39
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AM1 PM3 GFN2xTB HF HF-3c PBEh-3c B97-3c r2SCAN-3c
12 6092 6.24 0.64 1.61 948 1.99 1.68 1.61
13 1191 257 253 020 0.16 0.89 0.42 0.66
Mean 8.30 317  1.76 196 425 1.75 1.14 0.72
Median  3.54 3.51 1.83 1.62 434 1.99 1.24 0.63
Max 6092 6.24 412 414 9.48 3.28 2.73 2.09
Stddev 1543 1.62 1.17 1.24 242 1.01 0.87 0.57

Overall, the results with continuum solvation and in gas-phase are quite congruent for each methods and molecules, except for
a few notable exceptions, especially molecule 8.

Basis set Dependence

In the previous section we had compared various density functionals and MP2 with our gold-standard CCSD(T). Since
coupled-cluster requires a large basis set to achieve meaningful results, we did apply the same quadruple-zeta quality basis
set for DFT and MP2, to be consistent and not mix method and basis set effects. In this section we now explore the actual
basis set requirements in two directions, namely extrapolation to complete basis set limit and the minimal basis set
requirements.

Table 4
Absolute CCSD(T) energies for 2-pyridone 8.1, and 2-
hydroxypyridine 8.2 and relative tautomer energies for three
correlation consistent basis sets and two extrapolation schemes
applying either double- and triple-zeta or triple- and quadruple zeta

The second test performed is for the minimum basis set requirements for DFT methods, i.e. for the winning DFT method M06-
2X. One can expect that the findings for this DF will apply for any other functional as well, as there is additional evidence from

bases.
E CCSD(T) [hartrees] dE [kcal/mol]
8.1 82
cc-pvDZ -322.6501452  -322.6538478 2.32
ccpVTZ -322.9676178 -322.971337 2.33
cc-pvVQz -323.0639754  -323.0672737 2.07
extrapol. 2/3  -323.1306625 -323.1346141 2.48
extrapol. 3/4  -323.1235078 -323.1266242 1.96

the Grimme benchmark paper. The data in Table 5 are for calculations performed in continuum solvation.
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Table 5

Mean unsigned errors MUE in kcal/mol for the 13 compounds by
the density functional method M06-2X to CCSD(T) applying four
different basis sets of double-zeta to quadruple-zeta quality.
Summary staticstics of mean, median, maximal MUE and
standard deviation are provided for the set of molecules.

def2-SVP  def2-TZVP  def2-QZVPP  6-31G**
1 0.48 0.31 0.31 0.45
2 1.23 0.16 0.12 1.43
3 0.95 0.44 0.29 0.54
4 0.54 0.04 0.02 0.23
5 0.70 0.20 0.20 0.43
6 1.04 0.38 0.18 0.84
7 0.78 0.84 0.66 0.66
8 0.24 0.20 0.10 0.71
9 0.85 0.18 0.30 0.62
10 1.31 0.12 0.51 0.44
11 0.83 0.03 0.05 1.15
12 0.17 0.44 0.44 2.01
13 0.08 0.23 0.25 0.22
Mean 0.71 0.27 0.26 0.75
Median 0.78 0.20 0.25 0.62
STDDEV  0.38 0.21 0.18 0.49
Max 1.31 0.84 0.66 2.01

On the example of the most challenging molecule in the set, compound 8, the schemes for complete basis set (CBS)
extrapolation by Zhong et al. for SCF#%41 part and by Helgaker et al. for the correlation energy*%*" part are applied to
calculations in gas-phase. Results are given in Table 4.

Using three correlation-consistent bases, two extrapolation schemes to complete basis set limit are possible with either double-
and triple-zeta or triple- and quadruple-zeta bases. Extrapolation from the lower-level scheme results in a CBS estimate for the
tautomer energy difference that is even higher than the respective bases with 2.48 kcal/mol, whereas the higher-level scheme
yields a CBS estimate of 1.96 kcal/mol, suggesting that the quadruple-zeta basis is almost converged with a deviation to CBS
extrapolation of only 0.11 kcal/mol. The energy difference for the def2-QZVPP basis set is 2.1 kcal/mol (cf. Table 1), i.e.
almost identical to the cc-pVDZ basis.

Obviously, there is a clear separation between the two double-zeta bases and the larger bases. Both def2-SVP and the very
popular Pople basis 6-31G** show statistical values comparable to or only slightly better than r2SCAN-3c (mean: 0.73; median:
0.72; max: 1.72; Stddev: 0.50), which uses an optimized double-zeta quality basis. On the other hand, the slight added quality
of the def2-QZVPP values does not justify the significantly larger compute cost.

Thermochemical Corrections
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Energy differences in the previous sections always refer to electronic energy differences, not to differences in free energies.
The justification to do so which simplifies the calculation workflow significantly is provided here for the example of 2-pyridone
8. Frequency calculations with PBE0-D3(BJ) and the def2-TZVP basis set, the level used for geometry optimization, were
carried out to yield free energies and their energy components.

Table 6

Free energy correction terms G-Eel in kcal/mol for the two tautomers of compound 8 at temperatures of 0 and 298 K, and all
energy components thereof in units of hartrees as there are free energy G, entropy S, enthalpy H, zero-point energy ZPE, and
thermal and electronic energies Eiperma and Eg.

T/K Ey/h ZPE/h  Egema/h  H/h S/h G/h G-E / keal/mol
81 0 -323.274288  0.094205 -323.174845 -323.173901 0.035083 -323.173901  40.98

298  -323.274288 0.094205 -323.174850 -323.173906 0.035060 -323.208966  40.99
82 0 -323.273771  0.094018 -323.174568 -323.173624 0.034906 -323.208530  40.94

298  -323.273771 0.094018 -323.174573 -323.173629 0.034883 -323.208512  40.95

The overall error introduced (see Table 6) in neglecting the free energy contribution to the tautomer energy difference is 0.04
kcal/mol for both 0 and 298 K, i.e. about one third of the difference between the quadruple-zeta CCSD(T) energy delta and the
one from the complete basis set extrapolation with the 3/4 scheme or the 0.56 kcal(mol between the two CBS schemes. This
delta will also be significantly lower as the errors introduced by conformer sampling for molecules relevant in a drug discovery
context, the errors due to continuum solvation models, and the errors from the experimental determination of tautomer
equilibria.

Application to experimental data

Primary scope of this publication is to identify a reliable and cost-effective computational approach for the calculation of
tautomer equilibria. Nevertheless, calculations not reflecting experiment are not of practical interest.

The SAMPL2 challenge performed in 2010 contained a tautomer prediction task, that was recently taken up again by Wieder et
al.’® Though the ultimate goal in their work was to combine allchemical and machine learning potentials, they reported also on
density functional theory calculations with B3LYP/aug-cc-pVTZ/B3LYP/6-31G(d)/SMD. They chose to select a subset of 14
challenging equilibria from the original paper (shown in Scheme 2) to compare with the results of the four best-performing
submissions by Klamt, Ribeiro, Kast and Soteras, all applying quantum mechanics and continuum solvation models. The
original summary publication, additionally to experimental data collected from literature, provided estimates for the
experimental errors, which are 0.2 to 0.4 kcal/mol for all pairs except 12D_12C (naming from original publication) and 7A_7B
with 0.7 and 1.5 kcal/mol.

In the following, | will compare the best approaches identiified earlier, namely M06-2X/def2-QZVPP-(SMD)//PBE0Q/def2-TZVP
and M06-2X/def2-TZVP-(SMD)//PBEQ/def2-TZVP (both with D3 dispersion correction), r2SCAN-3c and DLPNO-CCSD(T)/def2-
QZVPP-(SMD)//PBE0/def2-TZVP with the results from literature. The data is presented in Table 7. Three experimental values
for pairs 4A_4B, 6A_6B and 7A_7B that are wrongly reported in the Wieder paper'3 were corrected to the original values.>®
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Table 7

Performance of four methods from this benchmark and 5 published approaches on a subset of 14 tautomer pairs from the
SAMPL2 challenge in 2010. Experimental data as from the summary publication with corrected values for three pairs. M06-Q
and MO6-T are calculations with the M06-2X density functional and quadruple- respectively triple-zeta basis sets. Regarding
the other methods please refer to text.

pair set dE M06- MO06- r2SCAN- CCSD(T) Wieder Klamt Ribeiro Kast Soteras
kcal/mol  Q T 3c

[13] [6o]  [61] [62]  [63]
TA_1B 1 -4.8 -3.40 -3.60 -5.76 -3.21 4.7 -4 -3 -7.7 -4.6
2A_2B 1 -6.1 -6.38 -6.55 -7.96 -5.92 -6.8 -5.7 -5.7 9.7 -6.3
3A_3B 1 -7.2 -7.63 -7.93 -9.34 -7.27 -8.4 -7.7 -6.7 112 7.7
4A_4B 1 2.3 0.82 0.63 -2.29 0.99 -0.4 0.5 0.8 -4.6 0.6
5A_5B 1 -4.8 -3.56 -3.77 -5.54 -3.28 47 -3.9 4.4 -6.2 -5.6
6A_6B 1 9.2 -10.81  -11.16  -12.28 -10.34 -11.4 -7.6 9.7 -11.2 10
7A_7B 2 7 5.16 5.74 6.36 6.23 49 53 6.5 5.1 5.5
10B_10C 2 -2.9 -1.14 -1.22 -3.85 -0.83 -5.3 1.7 0 -2.8 2.2
10D_10C 2 -1.2 -1.14 -1.22 -3.85 -0.83 1.7 3.8 2.6 -0.6 5
12D_12C 2 -1.8 -0.10 -0.12 -2.71 0.08 -2.1 3.3 3.1 -0.8 3
14D_14C 2 0.3 1.20 1.00 -0.10 2.65 -1.6 1.9 0.8 0.2 4
15A_15B 2 0.9 2.88 3.24 5.56 4.07 6.1 -3 3.6 0 0.9
15A_15C 2 -1.2 2.87 3.31 3.82 5.65 0.7 -0.6 2.3 -1.9 1.4
15B_15C 2 2.2 -0.02 0.07 -1.74 1.59 -5 1.8 -1.2 -1.9 0.5
RMSE 1.6 1.6 1.8 1.7 1.3 1.4 1.5 28 1.3
set1
RMSE 21 22 27 33 26 3.7 29 0.9 38
set2
RMSE all 1.9 20 23 27 21 29 24 20 3.0

The providers of the SAMPL2 challenge had divided the dataset into three subsets. Pairs 1 to 6 belong to the so-called obscure
subset and 7 to 15 to the explanatory subset (no pairs form the investigatory subset were used here). The QM approaches of
the SAMPL2 submission of Klamt et al. are MP2/QZVPP//BP86/TZVP with COSMO-BP86/TZVP solvation energies and
thermal corrections, for Ribeiro et al. M06-2X/MG3S//M06-2X/MG3S with SM8AD solvation contributions by M06-2X/6-
31G(d). Kast et al. did B3LYP/6-311 ++ G(d,p) gas-phase optimizations with EC-RISM-MP2/aug-cc-pVDZ energies. Soteras et
al. finally used the IEF-MST solvation model on gas-phase energies by MP2 basis set extrapolation and correlation from the
CCSD-MP2/6-31 + G(d) energy difference.

Looking at the root mean square errors in Table 7 we see that all except one approach yield better results for the obscure than
the explanatory subset with RMSE of 1.3 to 1.8 kcal/mol for the former and 2.1 to 3.8 kcal/mol for the latter. The one
exception is the submission by Kast et al. with RMSE of 2.8 and 0.9 kcal/mol for the two sets. The second observation that is
unexpected is that the most elaborate methods, i.e. CCSD(T), the Klamt MP2 calculations with quadruple-zeta basis set and
the Soteras CCSD correlation energy corrections for the explanatory dataset deviate significantly more from experiment than
the cheaper methods.

Contrary to the polarizable continuum solvation models used in the other approaches, Kast et al. apply the methodologically
different EC-RISM approach. Different solvation treatment could therefore be the root cause of the differences seen. Since the
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respective data are not available in the publications, the analysis here is restricted to the methods used in this paper (cf.
Supporting Infromation Tables T1 and T2 for water and gas-phase values and energy deltas to experiment). Mean absolute
errors for M06-2X with def2-QZVPPR def2-TZVP and r2SCAN-3c in gas phase are 0.8, 0.6 and 2.3 kcal/mol and comparable to
the ones in water solvation (0.8; 0.8; 2.3). As expected, r2SCAN-3c is not in the same ball-park as the other functionals.
Nevertheless, all correlation coefficients between methods are extremely high as seen in Fig. 5a, with the lowest one between
M06-2X/def2-QZVPP and r2SCAN-3c still being 0.944. Molecules 14 and 15 are found to be very challenging and contribute to
the overall error with up to 3.11 kcal/mol for the pair 15A_15C.

Not having the data at hand, we can only speculate that the correlations of the gas-phase energy differences of all other QM
methods will be similarly high. Looking at the solvation phase correlations in Fig. 5b, it becomes even more obvious that the
solvation models used throughout have a strong impact on the correlations observed. The lowest correlation coefficient
between the methods from this work is 0.960 (always the same SMD solvation model), followed by the data from Ribeiro
using SMB8AD, another derivative of the SMx solvation model family. Again less correlated is the Sotera approach with IEF-
MST solvation and the much weaker correlated COSMO-RS with correlation coefficients between 0.644 and 0.794. Remarkably,
the data from the Kast group show higher correlations to the other methods than the COSMO-RS data, though EC-RISM is
methodologically a completely different approach.

If we now take a closer look on specific pairs as listed in Table 7, we find one strong outlier in set 1 with six-membered ring
tautomers and multiple tautomer pairs with differences between the methods in set 2 for five-membered ring tautomers.
Otherwise the only obvious pattern is that Kast et al. consistently provide more negative energy deltas than the others.

Set one consists only of examples for derivatives of pyridine/pyridone type tautomerism. The one outlier is 4A_4B which
predominantly exists in the lactam as does compound 1A_1B (= compound 8 from dataset 1). A review of the primary
experimental publication reveals that the predominant forms in water, CCl, and ethanol were determined and confirmed by
comparison with the ultraviolet spectra of methylated derivatives with frozen lactim or lactam structures.

Compounds 1 to 4 from the SAMPL2 set are pyridine/pyridone isomers, and thus shed some insight into the problem. The
CCSD(T) gas-phase energy differences are 2.1 kcal/mol for TA_1B, -2.14 for 2A_2B, -3.92 for 3A_3B and 8.94 for 4A_4B. The
positions of the carbonyl group and the nitrogen thus have a strong influence on the relative gas-phase energies, prefering the
lactim form in case of pure pyridone 1 and compound 4 without heteroatom in alpha-position to the phenyl ring.
Experimentally, all four examples predominantly exist in lactam form in water. The respective energy differences with CCSD(T)
in SMD water are - 3.21 kcal/mol for TA_1B, -5.92 for 2A_2B, -7.27 for 3A_3B and 0.99 for 4A_4B, resulting in the incorrect
lactim predicted for example 4. The deltas ddE(gas-solv) for the four examples of -5.11,-3.78, -3.35, -7.94 kcal/mol show that
the SMD continuum model accounts for the differences in charge distribution due to regioisomerism, but not to the extent
needed to reflect experiment. There are two submissions that were able to identify the correct lactam form of example 4.
Wieder et al. report a slightly negative value of only - 0.4 kcal/mol and Kast et al. one of -4.6 kcal/mol. The latter submission,
in Table 5 of the original publication, provides AEg, of 5.93,9.00, 6.57 and 17.56 kcal/mol for the four examples. The
significantly higher solvation free energy value for example 4 thus is responsible for the correct assignment of the lactam
form.

The deviations for the second set are not consistent between the methods and without detailed data available, any root cause
analysis would be speculative. Nevertheless, the high correlation (2 = 0.85,y = 1.15 x + 4.598) between gas-phase and water
energy deltas for the CCSD(T) calculations combined with the observations for the pyridone derivatives provide strong
evidence that the major error source is the energy contributions from the continuum solvation model. Polarizable continuum
models are known to struggle in case of strongly localized polar functional groups that lead to tightly associated and ordered
solvent molecules. There is active research but no generally applicable solution on the so-called microsolvation approach but
testing those concepts is beyond the scope of this work.

Conclusions
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In this work, results on relative tautomer energies are provided by thoroughly benchmarking various density functionals of
different sophistication, two Hartree-Fock approaches, second-order Moeller-Plesset theory, three semiempirical methods and
one current force-field against the accepted gold-standard DLPNO-CCSD(T) coupled-cluster theory. The dataset comprises of
tautomeric moieties found in the cores and substituents of common drug molecules.

Since it is not possible to do a comprehensive benchmark on the plethora of other functionals and quantum chemical and
semiempirical methods, a subset was picked to reflect the band widths of common choices in literature and methodological
complexity. Similarly, this work is restricted to water as the most important solvent and to the application of the method or
software default solvation models. Finally, to avoid the additional dependences on conformation and charge states, datasets
of rigid neutral chemical moieties nevertheless relevant for drug-like molecules was selected.

In the group of standard density functionals, M06-2X clearly outperforms the other functionals including the double-hybrid
B2PLYP and MP2. In the group of compute-cost optimized methods r2SCAN-3c outperforms the other approaches and can
compete with the other standard functionals like PBEO or the widely used B3LYP. The performance of the methods is
comparable between gas-phase and continuum solvation in water.

Applying the superior density functional on a challenging subset of compounds with experimental relative tautomer energies,
we find that the deviations to experiment are significant in some cases, with up to 7 kcal/mol. Similar deviations are obtained
by the participants of the original SAMPL2 challenge in 2010. Since the molecules are about the same size and do not show
conformational flexibility, the deviations must be rooted in the calculation if one assumes the experimental values to be
correct.

The results from this publication and from literature are highly correlated. All approaches are based on quantum chemical
methods accounting for electron correlation to some extent, mostly with appropriate basis sets and PCM solvation models,
except for one case using EC-RISM. The gas-phase calculations are even higher correlated.

The four lactam/lactim tautomer pairs in the dataset can shed light into the root cause of the large deviations for some
example molecules. Chemically highly similar, the four molecules predominantly exist as lactam form in water, whereas 1 and
4 are predominantly lactims in gas-phase, based on CCSD(T) calculations. The deviation therefore has to come from the
solvation free energy, which indeed is very comparable for the four examples, applying the SMD sovation model. Contrary, EC-
RISM provides a solvation free energy contribution for example 4 that is significantly higher and reverses the predominant
form.

The results presented here, and counting on the often profen and generally accepted gold-standard coupled-cluster, provide
strong evidence that the biggest obstacle for reliable caclulation of tautomer equilibria is the solvation free energy
contribution.
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Scheme

Scheme 1 and 2 are available in supplementary section.
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Comparison of tautomer state energies calculated with CCSD(T), MP2 and various DFT methods and def2-QZVPP basis set
for three example molecules 2, 7 and 8. Plots a) to c) show results with SMD continuum solvation model and plots d) to f)
results in gas-phase.
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Figure 2

Tautomer state energy differences in kcal/mol relative to CCSD(T) energy differences for each state for each density
functional method and MP2 for calculations with SMD water solvation.
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Figure 3

Comparison of tautomer state energies in kcal/mol calculated with CCSD(T), HF, semiempirical, cost-optimized DFT and all-
atom force-field OPLS4 for three example molecules 2, 7 and 8. Plots a) to c) show results in continuum solvation using
different solvent models (see Methods for details) and plots d) to f) results in gas-phase.
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Figure 4

Tautomer state energy differences in kcal/mol relative to CCSD(T) energy differences for each state for various low-cost
guantum-mechanics, semiempirical and DFT methods for calculations in water solvation. Note the different y-axis scales.
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Matrix of the correlations of the four methods of this work and the five publeished methods by Wieder, Klamt, Ribeiro, Kast and
Soteras. M06-Q denotes M06-2X/def2-QZVPP//PBEQ/def2-TZVP, M06-T denotes M06-2X/def2-TZVP//PBE0Q/def2-TZVP and
CCSD(T) denotes DLPNO-CCSD(T)/def2-QZVPP//PBEQ/def2-TZVP. The plot is color-coded by the Pearson correlation
coefficient. a) provides gas-phase results from this work, b) provides correlations form all approaches in continuum solvation.
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