
 1 

Predicting the prevalence of alternative Warfarin 

tautomers in solution 

 

Alpeshkumar K. Malde,1,* Martin Stroet,1 Bertrand Caron1 Koen M. Visscher,2 and Alan E. 

Mark1,3,* 

1School of Chemistry and Molecular Biosciences, The University of Queensland, Brisbane, 

QLD 4072, Australia. 

2Division of Molecular Toxicology, VU University Amsterdam, The Netherlands. 

3Institute for Molecular Bioscience, The University of Queensland, Brisbane, QLD 4072, 

Australia. 

 

KEYWORDS: Tautomerism, Warfarin, Free Energy Calculations, Free Enthalpy of 

Formation, Free Enthalpy of Solvation 

 

  



 2 

ABSTRACT  

Warfarin, a widely used oral anticoagulant, is prescribed as a racemic mixture. Each 

enantiomer of neutral Warfarin can exist in 20 possible tautomeric states leading to complex 

pharmacokinetics and uncertainty as to the relevant species under different conditions. Here 

the ability of alternative computational approaches to predict the preferred tautomeric form(s) 

of neutral Warfarin in different solvents is examined. It is shown that varying the method used 

to estimate the heat of formation in vacuum (direct or via homodesmic reactions), whether 

vibrational and/or conformational entropic corrections in vacuum were included and the 

method used to estimate the free enthalpy of solvation (i.e. PCM, COSMO or SMD implicit 

models or explicit solvent) lead to large differences in the predicted rank and relative 

populations of the tautomers. In this case only a combination of the free enthalpy of formation 

using homodesmic reactions and explicit solvent to estimate the free enthalpy of solvation 

yielded results compatible with the available experimental data. The work also suggests that a 

small but significant subset of the possible Warfarin tautomers are likely to be physiologically 

relevant.  
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Introduction 

Detailed knowledge of the structure and thermodynamics of ligand binding at an atomic level 

is critical for modern drug discovery. This requires knowing not only the thermodynamically 

preferred conformation and relative orientation of the ligand when bound to the therapeutic 

target but also its preferred protonation and/or tautomeric state when bound to the target and 

free in solution or when forming any off target interactions.1-4 Consideration of possible 

alternative tautomeric states (isomers of a molecule that readily interconvert and often 

associated with changes in the location of hydrogen atoms) is particularly challenging.5 The 

neutral form of the imidazole ring of the amino acid histidine (where the hydrogen may be 

attached to either of the two nitrogen atoms) is a simple example. Other cases are much more 

complex.  

The anticoagulant Warfarin is a case in point. Warfarin is prescribed as a racemic mixture 

containing R and S enantiomers.  As illustrated in Figure 1 each enantiomer can exist in one of 

2 protonation states. The pKa of Warfarin is ~ 56 meaning that in aqueous solution at neutral 

pH it will essentially all be in the anionic (basic) form. However, under mildly acidic conditions 

or in non-aqueous (or aprotic) environments such as when interacting with a cell membrane or 

bound within a hydrophobic pocket of a transport protein, Warfarin will predominantly be in 

its neutral form. The neutral form of Warfarin is capable of undergoing chemical 

rearrangement. As discussed in detail by Porter7 and references therein, in theory this can lead 

to 20 possible tautomeric states for each enantiomer (Figure 2). This includes 16 open-chain 

tautomers (4 x 4-hydroxy-enol tautomers (W01, W05, W06, W13), 4 x 2-hydroxy-enol 

tautomers (W02, W07, W08, W14), 8 x diketo tautomers (W03, W04, W09, W10, W11, W12, 

W15, W16) as well as 4 cyclic hemiketal tautomers (W17 to W20). This means that while only 

one of these species is likely to bind to vitamin K epoxide reductase (VKOR),8-9 the therapeutic 
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target, there are potentially 42 different chemical moieties that can form off target interactions. 

For example, Warfarin is known to bind to Human Serum Albumin and be degraded by specific 

Cytochrome P450s but the form in which Warfarin is transported and/or degraded is not 

known.7  Not unexpectedly, Warfarin shows complex pharmacokinetics interacting with 

numerous environmental factors, dietary components and drugs. As a consequence, patients on 

Warfarin therapy require constant monitoring. The question is: Which is the predominant 

tautomeric form of a ligand (Warfarin in the present study) under a given set of conditions?  A 

number of crystal structures of Warfarin in isolation have been reported. These include 

structures of the neutral hemiketal tautomers (R,R and S,S diastereomers; Cambridge Structural 

Database (CSD) Ids WARFIN10 and WARFAR1011 respectively) as well as the sodium salt of 

racemic Warfarin (CSD Ids ZZZKXG12 and EFIWIZ13). Nuclear Magnetic Resonance (NMR) 

studies of Warfarin in aprotic solvents including CDCl3 and DMSO-d6 have suggested the 

presence of a mixture between cyclic hemiketal tautomers (major) and open-chain tautomers 

(minor).14-16 NMR studies in aqueous solution indicate a preference for a cyclic hemiketal 

tautomer under acidic conditions while a mixture of open-chain 4-hydroxyl tautomers and 

cyclic hemiketal tautomers at neutral pH.17-19 Solid state 13C NMR studies performed on a dry 

solid sample using cross polarization magic angle spinning at 75.5 MHz indicated the presence 

of cyclic hemiketal tautomers, however the precise configuration was not determined.20  17O 

NMR studies also suggested the cyclic hemiketal was the major tautomer in the solid state.21 

In contrast, an NMR study of an inclusion complex between Warfarin and b-cyclodextrin was 

interpreted as R- and S-Warfarin binding in the anionic open-chain form (Figure 1).22 Other 

experimental studies involving a combination of NMR, absorption spectroscopy and 

fluorescence spectroscopy have suggested the simultaneous presence of multiple different 

tautomers in alternative environments making any interpretation of the available data 

challenging.23-24  
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Some structural data on Warfarin bound to different biological targets is also available. 

Structures of Warfarin complexed with Cytochrome P450 2C9 (1OG5) and Human Serum 

Albumin (1HA2, 2BXD and 1HZ9) have been deposited in the Protein Data Bank (PDB). In 

each of these structures Warfarin was modelled in an open-chain form but given the fact that 

these structures were solved at resolutions between 2.5 to 3.05 Å it is uncertain precisely which 

tautomeric form is in reality present.25-27 Indeed, drug metabolism studies involving Warfarin 

and a related anti-coagulant Phenprocoumon (which cannot cyclize to form a hemiketal) 

suggest that Cytochrome P450 2C9,28 more likely binds the cyclic hemiketal tautomer of 

Warfarin than the open-chain form modelled into the crystal structure (1OG5). 

Given the importance of knowing the most probable tautomeric form of a molecule in a given 

environment coupled with the difficulties in interpreting the available experimental data in 

cases where multiple alternative species can co-exist, there is much interest in the use of 

computational approaches to predict the likelihood of finding a given tautomer under different 

conditions.29 This is challenging as it involves estimating the free energy of formation of a 

given tautomer in isolation (a fundamentally quantum mechanical property) as well as the free 

energy associated with placing that tautomer in a given environment as depicted in Figure 3.  

Here we examine the ability of a range of computational methods, including quantum 

mechanical calculations and free energy calculations, to predict the order/ranking of Warfarin 

tautomers in a given environment as well as the uncertainties and limitations of these methods 

in this case. 
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Methods 

To understand the preferred tautomeric state of the neutral form of Warfarin in different 

environments (vacuum, water, dimethyl sulfoxide and hexane), a series of quantum mechanical 

calculations, molecular dynamics simulations and free energy calculations of the different 

possible tautomeric forms of the neutral form of R-Warfarin depicted in Figure 2, were 

performed. The enthalpy of formation (DHf) in vacuum for a given tautomer was obtained either 

directly from quantum mechanical (QM) thermochemistry calculations or indirectly using so-

called isodesmic and/or homodesmic reactions. The use of isodesmic and homodesmic 

reactions, which allow for experimental data to be incorporated into the calculation of the 

enthalpy of formation, has been proposed to be more reliable than direct calculations in some 

cases.30 Potential entropic effects in vacuum were estimated based on vibrational as well as 

conformational contributions at a given temperature. The solvation free energy (DGsolv) was 

calculated using alternative implicit solvation models as well as in explicit solvent using 

molecular dynamics simulation techniques.  

Quantum Mechanical Calculations 

All quantum mechanical calculations were performed using Gaussian 09 revision D0131 

accessed via National Computational Infrastructure (NCI), Australia. Geometry optimizations 

of the Warfarin tautomers (Figure 2) and the molecules used to construct the homodesmic 

reactions (listed in Table 1) were performed using density functional theory (the B3LYP 

density functional).32-34 The basis set was 6-311+G(3df,2p). Harmonic vibrational frequencies 

were computed in order to a) verify the nature of each stationary point (number of imaginary 

frequencies = 0); b) determine the zero-point vibrational energy and obtain thermal corrections 

to the enthalpy and, c) to estimate the difference in the entropy between the different tautomers 

at 298.15 K in vacuum (see below). Where indicated the effect of solvent was mimicked using 



 7 

a Self-Consistent Reaction Field (SCRF) in combination with alternate implicit solvent models. 

The solvent models included the Polarizable Continuum Model (PCM)35, the Self-consistent 

reaction field Model using charge Density (SMD)36 and the COnductor-like Screening MOdel 

(COSMO)37 in conjunction with the experimental dielectric constants for water (78.39), 

dimethyl sulfoxide (46.7) and hexane (1.88). The initial geometries of the open-chain 

tautomers (4-hydroxy-enol and 2-hydroxy-enol tautomers, Figure 2) were based on the crystal 

structure of the Na salt of the Warfarin anion (CSD Id EFIWIZ13). The diketo tautomers were 

based on the corresponding enol tautomers. The structures of the cyclic hemiketal tautomers 

(W17 to W20) were based on the CSD structure WARFIN10. 

The enthalpy of formation (DHf) of the Warfarin tautomers (W01 to W20) were estimated 

using QM calculations at the B3LYP/6-311+G(3df,2p) level of theory in vacuum. Two 

approaches were compared. In the first approach, the final enthalpy values were obtained by 

adding a thermal correction (incorporating zero-point vibrational energy) to the total electronic 

energy (Figure 3). In the second approach, the enthalpy of formation was estimated using 

homodesmic reactions. A few representative homodesmic reaction schemes are provides as 

supplementary material (Figure S1). The homodesmic reactions were constructed depending 

upon the availability of experimental thermochemical data for the relevant compounds. The 

enthalpy of formation was calculated by taking into account the computed enthalpies of 

homodesmic reaction described by the equations given in Table 2 and the experimental 

enthalpies of formation in the gas phase of all molecules involved (Table 1) other than the 

given Warfarin tautomer. 

The free enthalpy of formation or Gibbs free energy of formation (DGf) was calculated as 

DGf = DHf - TDS. The entropy (S) for each molecule was estimated by combining the 
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vibrational entropy (SB3LYP) calculated using a single conformation at the B3LYP/6-

311+G(3df,2p) level of theory with an estimate of the conformational entropy (Sconf): 

S » SB3LYP + Sconf      (1) 

The conformational entropy which can be significant for large, flexible molecules, such as 

Warfarin was estimated as: 

Sconf = R ln(W)       (2) 

where W is the number of unique conformations (states) and R is the gas constant.  

Molecular Dynamics Simulations (Solvation Free Enthalpy Calculations)  

All molecular dynamics simulations were performed using the GROMOS 1138-40 simulation 

package. Force field parameters for Warfarin tautomers were obtained from the ATB 

(Automated Topology Builder, https://atb.uq.edu.au).41-43 Van der Waals and bonded 

parameters (bonds, angles, improper dihedrals and torsions) were based on the GROMOS 

54A744-45 force field. The partial atomic charges were based on fitting to the electrostatic 

potential (ESP) using the Kollmann-Singh46 scheme at the B3LYP/6-31G* level of theory. A 

major challenge in this study is that multiple different tautomeric forms of the same molecule 

are considered. This means that even slight differences in the parameters assigned to 

chemically equivalent atoms could lead to artifacts. It is well known that the assignment of 

partial atomic charges using ESP fitting can be sensitive to changes in local geometry. While 

the ATB algorithm minimizes such effects by enforcing intramolecular symmetry, small 

variations between equivalent groups in different molecules can still arise. To ensure the 

charges assigned to equivalent atoms are consistent throughout the entire set of molecules, a 

multi-molecule ESP fitting procedure was used.47 This involved fitting the partial charges of 
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all similar/identical groups across all 20 tautomers of R-Warfarin (W01 to W20) 

simultaneously using the second-neighbour chemically equivalent symmetry groups shown in 

Figure 4.  

Before commencing the simulations, each Warfarin tautomer was placed in a rectangular 

periodic box and solvated with either ~1600 simple point charge (SPC)48 water molecules or 

~1000 dimethyl sulfoxide (DMSO)49 molecules or ~550 hexane44 molecules. The structure was 

energy minimized and the system equilibrated for 200 ps with the heavy atoms of the solute 

positionally restrained before a series of unrestrained molecular dynamics simulations was 

commenced. All simulations were performed at constant temperature (298 K) and pressure (1 

atm) using a Berendsen thermostat (coupling time of 0.1 ps) and barostat (coupling time of 1.0 

ps and isothermal compressibility of 4.575 × 10-4 (kJ/mol/nm3)-1).50 A triple-range cutoff was 

used. Interactions within a shorter-range cutoff of 0.8 nm were updated every step (0.002 ps). 

Interactions within the longer-range cutoff of 1.4 nm were updated very 0.010 ps (5 steps) 

together with the pairlist. To correct for the truncation of electrostatic interactions beyond the 

1.4 nm long-range cutoff a reaction-field correction was applied using a dielectric permittivity 

of 61 for water,51 38 for DMSO49 and 2 for hexane. Note, the experimental dielectric 

permittivity of water (78) and DMSO (47) were used for the quantum mechanical calculations. 

However, the dielectric permittivity values used during the molecular dynamics simulations 

were those of the SPC water and DMSO models. The equations of motion were integrated 

using the leapfrog scheme and a time step of 2 fs. Initial velocities at a given temperature were 

taken from a Maxwell-Boltzmann distribution. All bonds were constrained using the SHAKE52 

algorithm with a geometric tolerance of 0.0001.  

Solvation free enthalpies were calculated using the thermodynamic integration (TI) in which 

the difference in free enthalpy between two states of a system A and B is expressed as:  



 10 

																	∆#$% = ∫ ()*(,)). /
.
01.2

.3       (4) 

where V(r) is the potential energy of the system as a function of the coordinate vector r and 

λ is a parameter that couples the two states A and B.53 In this case the coupling parameter λ was 

used to scale the inter- and intramolecular non-bonded interactions involving the solute from 

0 to 1 (where 0 represents the full interaction and 1 no interaction). To avoid sampling 

singularities in the potential energy function and in the derivative with respect to λ (as well as 

numerical instabilities during the simulations) the non-bonded interactions were scaled using 

the λ-dependent soft-core interaction function of Beutler et al. with aLJ = 0.5 and aelectrostatic = 

0.5 nm2.54 Note, using the λ-dependent soft-core interaction function of Beutler et al. as 

implemented in GROMOS, there is no requirement or advantage in performing the removal of 

the charge and Lennard-Jones interactions in separate stages. Eq. (4) was evaluated by 

calculating the ensemble average of the derivative <∂V(r)/∂l>λ at a series of discrete λ-values. 

The values of <∂V(r)/∂l>λ were then integrated using the Trapezoidal approximation. The 

solvation free enthalpy (in water, DMSO and hexane) was calculated as: 

DGsolv = DG0®1(vacuum) - DG0®1(solvent)    (5) 

																						=∫ (∂V(r)
∂λ
/
λ

vac
dλ λ1

λ0
–∫ (∂V(r)

∂λ
/
λ

solvent
dλ λ1

λ0
      (6) 

                      =∫ 4(∂V(r)
∂λ
/
λ

vac
– (∂V(r)

∂λ
/
λ

solvent
5 dλ λ1

λ0
    (7) 

Note that for the combined integral in Eq. (6) to hold as written, the same λ-values must be 

sampled in solvent and in vacuum. Initially the value of <∂V(r)/∂l>λ at 11 equally spaced 

points between λ = 0 and λ =1 was determined to obtain a first estimate of shape of the 

underling curve. An automated protocol based on the analysis of errors was used to add more 
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λ-points and extend the simulations at each λ-point.43 The target error of 1.0 kJ/mol was used 

to calculate the solvation free enthalpies.  

The vacuum systems were generated from a given configuration in the corresponding solvent 

by simply deleting all solvent molecules within the simulation box. Note that during TI 

calculations, stochastic coupling with a reference temperature of 298 K and an atomic friction 

coefficient of 1 ps-1 was applied to prevent thermal decoupling of solvent and solute 

components of the system. 
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Results and Discussion 

Warfarin continues to be widely-used as an anti-coagulant. This is despite the fact that when 

taken orally as a racemic mixture Warfarin can in principle give rise to 42 unique chemical 

entities not including potential metabolites. Below we assess the ability of different 

computational approaches to predict the preferred tautomeric form for Warfarin in different 

environments.  Note, all calculations have been performed using R-Warfarin. The results for 

S-Warfarin would be identical in vacuum as well as in non-chiral solvents including water, 

DMSO and hexane.  

Heat of formation:  

The most basic means to predict the preferred tautomeric state of a molecule is to compare 

the standard enthalpy of formation (DHf) calculated quantum mechanically for the different 

species in vacuum (gas-phase). Warfarin contains 22 non-hydrogen atoms. As the size of the 

molecule can affect the accuracy of DHf calculations, two alternate approaches were used to 

estimate the relative enthalpy of formation (DDHf) of 20 tautomers of R-Warfarin. Either DHf 

was calculated directly (see Methods) or calculated indirectly using the experimental heats of 

formation of more simple compounds and homodesmic reactions to transform these 

compounds into a given tautomer of Warfarin. All calculations were performed at the 

B3LYP/6-311+G(3df,2p) level of theory. An isodemic reaction is a hypothetical chemical 

reaction in which the nature of chemical bonds broken in the reactant are the same as those 

formed in the product. A homodesmic reaction is a special case of an isodesmic reaction, where 

the orbital hybridization is also taken into account and there is no change in the number of 

carbon to hydrogen bonds. The advantage of using isodesmic or homodesic reactions is the 

possibility for the cancellation of systematic errors. This makes isodesmic or homodesmic 
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reactions a computationally efficient way to calculate the enthalpy of formation for relatively 

large molecules such as Warfarin with high accuracy.  

The relative enthalpy of formation (DDHf) of 20 tautomers obtained using the B3LYP/6-

311+G(3df,2p) level of theory directly and by combining the results from a series of 

homodesmic reactions are given in Table 3 (columns 2 and 3). Using the direct approach at 

this level of theory the open-chain tautomer W01 is predicted to be the preferred tautomer 

followed by the cyclic hemiketal tautomer W17 (+8.5 kJ/mol). Using homodesmic reactions 

with the same underlying theory and basis set the cyclic hemiketal tautomer W17 is predicted 

to be the most stable followed by its diastereomer W18 (+5.4 kJ/mol). Using homodesmic 

reactions the enthalpy of the open-chain tautomer W01 is 6.3 kJ/mol higher than W17.  To 

place these numbers in perspective, at 298.15K a difference of 5.7 kJ/mol in the free energy of 

formation corresponds to approximately an order of magnitude difference in the relative 

probability of finding a given tautomer. Considering just the heat of formation the direct 

approach would predict ~96% would be W01, ~ 3% would be W17 and each of the remaining 

species much less than 1%. In contrast using homodesmic reactions and this level of theory 

one would predict ~84% W17, ~9% W18 and ~6% W01.  

Free Energy of Formation:  

Formally, one should not simply consider the heat of formation but rather the free enthalpy 

(or Gibb's energy) of formation (DGf). This is especially important in cases where the structures 

of the tautomers vary significantly such as in Warfarin. Potential entropic contributions in 

vacuum were estimated as a combination of a vibrational contribution (ZPVE) derived from 

the Hessian determined at the B3LYP/6-311+G(3df,2p) level of theory (Table 3 column 4) and 

a conformational contribution (Sconf) calculated as described in the methods (Table 3 column 

5). Note, the exact determination of the absolute conformational entropy would require 
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knowledge of all conformational states accessible to each system and their relative energies at 

298.15 K.  Here the relative contribution of the conformational entropy has been estimated 

assuming the free phenyl group can adopt two energetically equivalent conformations and the 

pyran ring can also adopt two equivalent conformations leading to 4 possible states for cyclic 

hemiketal (W17, W18, W19, W20) tautomers. In the case of the diketo tautomers it is assumed 

that the phenyl ring as well as the acetone(enol) group each can adopt three energetically 

equivalent conformations leading to 9 possible states. It is further assumed that the 4-hydroxy-

enol and 2-hydroxy-enol tautomers can adopt an additional two energetically equivalent states 

by rotation around the bond between the chiral carbon and benzopyran ring leading to 18 

possible states. The overall entropic contribution at room temperature (298.15K) varied by up 

to 19.7 kJ/mol between species with W18 having the lowest entropy and W06 the highest. This 

is sufficient to shift the relative probability of finding a given species by up to three-orders of 

magnitude. The conformational contributions to the entropy are small compared to the 

vibrational contributions.  

The relative standard free enthalpy of formation of the 20 tautomers derived from the direct 

and homodesmic calculations are given in columns 6 and 7 of Table 3 respectively. In the case 

of the direct method, the inclusion of the correction for entropy does not alter the prediction 

that W01 is the preferred tautomer but lowers the relative probability of finding any other 

tautomer dramatically. Essentially, the concentrations of all other species would be negligible. 

In case of the homodesmic calculations the order of the species changes. W01 is now predicted 

to be the dominant species (~87%) with W17 making up around 12% of the population. All 

other species would be negligible.  

Effect of solvation:  
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To distinguish between the alternative tautomers in different environments the effect of 

solvation must also be considered (Figure 3). Here, three solvents were compared: water, 

DMSO and hexane. The free enthalpy of solvation was calculated using three alternative 

implicit solvation models (PCM, COSMO and SMD) as well as using explicit solvent based 

on the GROMOS force field. The absolute solvation free enthalpy values (in kJ/mol) for the 

20 tautomers of R-Warfarin considered are given in Table 4. Using both the PCM and COSMO 

models the differences between the alternative solvents is primarily determined by their 

respective dielectric constants. As the dielectric constants of water and DMSO differ by less 

than a factor of 2 (78 as compared to 47) the differences in the predicted solvation free 

enthalpies in water and DMSO using these models is small (< 1.0 kJ/mol). The range of values 

in water and DMSO for both the PCM and COSMO models was ~15 kJ/mol. W17 was 

favoured over W01 by ~5 kJ/mol. Using the PCM and COSMO models all tautomers are 

predicted to be much less soluble in hexane than in either water or DMSO (> 20 kJ/mol). The 

solvation free enthalpy in hexane was systematically ~3-5 kJ/mol lower using COSMO 

compared to PCM. The range of values was similar in both cases (~5 kJ/mol). W17 was 

favoured over W01 by ~2 kJ/mol in both cases. Much greater variation was observed using the 

SMD method. The tautomers were predicted to be significantly more soluble in all three 

solvents than when using the PCM or COSMO models. The solvation free enthalpy in DMSO 

was ~6-24 kJ/mol lower than that in water. The values in hexane were in general similar to, or 

lower, than in water, in stark contrast to that predicted using either the PCM or COSMO 

models. The range of solvation free enthalpies was ~24 kJ/mol in water, ~14 kJ/mol in DMSO 

and ~6 kJ/mol in hexane using the SMD model.  

In addition to the use of the three implicit solvation models described above the solvation 

free enthalpies in water, DMSO and hexane were also calculated using thermodynamic 

integration and explicit solvent as described in the methods. The values obtained using explicit 
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solvent (Table 4) are systematically lower than those obtained using either the PCM, COSMO 

or SMD implicit approaches. The greatest differences were observed in the case of DMSO. Of 

the three implicit solvation models considered, the results obtained using the SMD model were 

closest to those obtained in explicit solvent for all three solvents. Not only were the values of 

the solvation free energy significantly lower in explicit solvent but the range of values in water 

and in particular DMSO was greater. The range of solvation free energies for the 20 tautomers 

considered was ~25 kJ/mol for water, ~36 kJ/mol for DMSO and ~6 kJ/mol for hexane. Note, 

while the general magnitude and the range of values obtained in explicit water and using the 

SMD model for water are similar, the values of individual tautomers vary. This means that the 

ranking of the tautomers differed significantly. For example, using the SMD approach 

solvation favours W17 over W01 by ~9 kJ/mol in water but only ~1 kJ/mol in DMSO. In 

contrast, using SPC water solvation favours W17 over W01 by 11 kJ/mol but by 18 kJ/mol 

using the GROMOS DMSO model. Even in hexane, which shows the least variation between 

the different models, the tautomer predicted to have the most favourable solvation was W06 

using PCM and COSMO, W03 using SMD and W19 in explicit hexane.   

Comparison to experiment:  

To compare to the values derived from the calculations to experiment we must consider the 

overall process of solvation described in Figure 3. That is to combine the free enthalpy of 

formation of the isolated molecule in vacuum (DGf) with the solvation free enthalpy (DGsolv). 

Using the direct estimates of the free enthalpy of formation together with the PCM, COSMO 

and SMD solvation models, one would predict that the open-chain tautomer W01 is preferred 

in water, DMSO and hexane (the concentrations of all other species would be negligible). 

Estimating the free enthalpy of formation based on homodesmic reactions combined with either 

the PCM or COSMO solvation models one would predict that a combination open-chain and 
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cyclic tautomers would be observed. Specifically, one would predict W17 (~50%), W01 

(~40%) and W18 (~8%) in both water or DMSO and W01 (~73%), W17 (~23%) and W18 

(~2%) in hexane. Using the homodesmic method and the SMD solvation model one would 

predict W17 (~73%), W01 (~13%), and W18 (~13%) in water, W01 (~77%), W17 (~20%) and 

W18 (~2%) in DMSO and W01 (~87%) and W17 (~12%) in hexane. The values of the relative 

free enthalpies of solution for the PCM, COSMO, SMD models are given in the supplementary 

material (Tables S1, S2, S3). Table 5 shows the results obtained by combining the direct 

estimates of the free enthalpy of formation together together with the free enthalpy of solvation 

calculated using explicit solvent one would predict a combination of W01 (~95%) and W17 

(~4%) in water, W01 (~65%) and W17 (~34%) in DMSO and W01 (> 99%) in hexane. In 

contrast using the homodemic method together with the free enthalpy of solvation calculated 

using explicit solvents one would predict W17 (~93%) and W01 (~6%) in water, W17 (~99%) 

in DMSO and W01 (~87%) and W17 (~12%) in hexane.   

As noted in the introduction, in aqueous solution at neutral pH or higher the open-chain 

anionic form (Figure 1) is dominant. The neutral forms considered here are found under mildly 

acidic conditions (pH < 5), in aprotic solvents or in non-aqueous environments such as bound 

within the hydrophobic pocket of a protein. UV spectroscopy and solution NMR studies 

suggest that in aqueous solution below pH 5 a mixture of tautomers is found.14, 55  The cyclic 

hemiketal form W17 is the major component while the open-chain W01 is present in minor 

amounts. Based on solution NMR the cyclic hemiketals W17 (~70%) and W18 (~30%) are the 

dominant tautomers observed in DMSO-d6.14-15 To the best of our knowledge the preferred 

tautomeric state of Warfarin in hexane is not known.  

Using the direct method to calculate the enthalpy of formation in vacuum the open chain 

W01 tautomer is predicted to be preferred over the W17 tautomer by 19.6 kJ/mol. This 
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difference is greater than the difference in the free energy of solvation between the alternative 

tautomers. As a consequence, W01 is predicted to be the predominant tautomer irrespective of 

the solvent or solvation model used. This is not in agreement with experiment and suggests 

that the direct approach, at the chosen level of theory, is not sufficiently accurate to distinguish 

between the alternative tautomers in this case. Results using the direct approach will not be 

discussed further. 

Using the homodesmic approach, which has been proposed to be more appropriate for larger 

molecules such as Warfarin at the chosen level of theory, the open chain W01 tautomer is 

predicted to preferred over the cyclic hemiketals W17 and W18 tautomers in vacuum by 4.8 

kJ/mol and 11.2 kJ/mol respectively. In this case the PCM and COSMO models predict that 

the W17 tautomer is the major species in water closely followed by the W01 tautomer. 

However, the PCM and COSMO models are unable to reproduce the observed differences 

between water and DMSO. Using the SMD solvation model W17 is predicted to be the 

dominant species in water followed by W01 in line with experiment. However, using the SMD 

model W01 is predicted to be the major species in DMSO in clear contrast to experiment. The 

SMD model also suggests that W18 is present in significant concentrations in water a finding 

that is also not supported by experiment. The use of explicit water and explicit DMSO yields 

the best agreement with experiment in regard to the relative populations of the different 

tautomers. In SPC water, W17 is predicted to be dominant with W01 present as a minor species. 

Using the GROMOS DMSO model, W17 is predicted to be the predominant species with W01 

and W18 making ups < 1% of the population. This suggests stability of W18 relative to W17 

in this DMSO model is underestimated by ~10 kJ/mol.  

As noted above, we do not know the preferred tautomeric state of Warfarin in hexane. 

However, as hexane is a low dielectric medium it is expected to be closest to vacuum. Indeed, 
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all of the solvation models predict that W01 is the major species and that W17 is a minor 

species in hexane. 

In addition to the relative populations of specific tautomers in a given environment it is also 

possible to use partition data to compare the alternative solvation models. The solubility of 

Warfarin in water at pH 4 is 5 mg/L. The solubility of Warfarin in DMSO is 3 orders of 

magnitude higher at 5 g/L. This would translate to a difference in solvation free enthalpy of 

~18 kJ/mol. The hexane/water partition coefficient (log P) has been reported in the range 0.05 

- 0.2 at pH 2-456,57 and the solubility of Warfarin in heptane has been reported to be 6.4 mg/L. 

This suggests that the free enthalpy of solvation of Warfarin in hexane should be 0-3 kJ/mol 

more favorable than that in water.  

In addition to failing to correctly predict the preferred tautomer, the PCM and COSMO 

models also fail to predict the difference in solubility of Warfarin in water and DMSO. In 

addition, both models predict Warfarin is much more (by 3 order of magnitude) soluble in 

water than in hexane. Clearly, these models are incapable of reproducing the experimental 

trends in this system. Although the SMD model does not predict the preferred tautomer 

correctly it does predict the increased solubility in DMSO and the fact that the neutral forms 

of Warfarin are slightly more soluble in hexane than in water. The explicit solvent models 

overestimate the relative solubility of Warfarin in DMSO as compared to water but correctly 

predict the relative solubility of Warfarin in water as compared to hexane. We would note in 

this regard that the parameters generated by the ATB41, 43 have been extensively validated for 

use with the SPC water model and the GROMOS united atom hexane model used in this study. 

The average error in the free enthalpy of solvation in both water and hexane for compounds 

containing just carbon, hydrogen and oxygen is less than 4 kJ/mol. While the GROMOS 
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DMSO model reproduces a range of properties of liquid DMSO it has not been extensively 

validated against solvation data.  

Warfarin in other environments: 

Clearly, the precise tautomeric form of Warfarin will depend on the local environment. For 

example, while the open-chain W01 tautomer can be crystallized from a solution containing 

water and isopropanol, the cyclic hemiketal W17 tautomer is obtained when crystalized from 

acetone or methanol.10-11, 13 Our results would suggest that in a membrane environment the 

open-chain W01 tautomer would be preferred if fully buried while the cyclic hemiketal W17 

tautomer (or the anionic form) may be preferred in the more polar head group region. Predicting 

which form of Warfarin might bind to a particular biological target is more challenging. Not 

only are the binding sites within a protein by definition chiral in nature but specific tautomeric 

forms of Warfarin can form specific pairwise interactions.  The affinity of Warfarin for its 

target protein vitamin K epoxide reductase (VKOR) is 2 µM with the free enthalpy associated 

with binding being in the order of ~32 kJ/mol. The affinity of Warfarin for Human Serum 

Albumin and cytochrome P450 (CYP) 2C9 which together govern the pharmacokinetics of 

Warfarin are 10 µM, (~29 kJ/mol) and 20 µM58 (~27 kJ/mol). Eight neutral Warfarin tautomers 

(R and S enantiomers of W01, W02, W17 and W18) are separated by less than 16 kJ/mol (Table 

8). This suggests that there is sufficient free enthalpy associated with these interactions for 

different species to be bound preferentially in different cases.  

When considering which mixture of species will be present in a given environments the 

pathway and kinetics of interconversion between tautomers may also play a role. For example, 

W01 can be converted to W17 in a single step whereas the conversion of W02 to W17 requires 

W01 as an intermediate. The energy barriers associated with these interconversions are yet to 

be investigated. The population of the neutral form will also play a role. The pKa of Warfarin 
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free in solution is ~5. Thus, at neutral pH only about 1% of Warfarin would be in the neutral 

form. The therapeutic plasma concentration of Warfarin is in the µmolar range meaning that 

the alternative tautomeric forms described above will be present at pharmacologically 

important nanomolar concentrations. However, small changes in the apparent pKa of Warfarin 

would mean that in different environments the population of the neutral form with its 

corresponding tautomers could be much larger. 

Uncertainty: 

Although in this case the combination of the use of homodesmic reactions to estimate the 

free enthalpy of formation in vacuum together with the use of explicit solvent to estimate the 

free enthalpy of solvation was able to reproduce most of the available experimental data, the 

available experimental data is limited to only a small number of the tautomers potentially 

present under different conditions. While the populations of the 2 or 3 most common species 

may have been correctly predicted, the order of the remaining species varied dramatically. 

Variations of only a few kJ/mol in any of the terms considered was sufficient to change the 

rank order. This energy is comparable to the intrinsic uncertainty in each stage of the 

calculation. For example, the direct and homodesmic approaches showed a relative difference 

of up to ~22 kJ/mol for a given tautomer. Even if a higher-level theory was used to estimate 

the heats of formation and convergence between the direct and homodesmic methods was 

obtained, the potential residual uncertainty would still mean there is no guarantee that the 

ranking of all 20 tautomers would be correct. It should be noted that in the current work only 

one conformer of each tautomer was considered when estimating the heat of formation and the 

vibrational contribution to the entropy. Equally, the approach used to estimate the 

conformational entropy was very crude. What we can conclude in this case is that the implicit 

solvation models considered were not of sufficient accuracy to capture even basic experimental 
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trends such as the difference in solubility between water, DMSO and hexane. Indeed, the 

practice of combining high level quantum mechanical calculations with very simplistic 

solvation models must be questioned.  
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Conclusions 

The role of possible alternative tautomeric states is increasingly recognised as a key 

challenge in structure-based drug design. To unambiguously determine which protomeric 

and/or tautomeric state of a ligand is bound to an acceptor often requires a combination of both 

high-resolution X-ray data together with neutron diffraction data and/or NMR data. For this 

reason, there is much interest in the use of computational approaches to determine the preferred 

tautomeric states in a given environment.2, 59 Here, different combinations of quantum 

mechanical calculations, molecular dynamics simulation and free energy calculations have 

been used in an attempt to identify the thermodynamically preferred tautomeric state of the 

anti-coagulant Warfarin. It was found that only a combination of homodesmic reactions to 

estimate the free enthalpy of formation in vacuum and an explicit solvent model to estimate 

the free enthalpy of solvation was able to reproduce the available experimental data. At the 

same time, we have shown that the intrinsic uncertainty in the calculation of each of the terms 

that must be considered when estimating the relative stability of alternative tautomeric states 

in a given solvent, could alter the predicted relative populations of each of the species 

significantly, highlighting the importance of ensuring that each term is calculated with high 

fidelity. Finally, we have shown that eight neutral Warfarin tautomers (R and S enantiomers of 

W01, W02, W17 and W18) are predicted to be separated by less than 16 kJ/mol in water, 

underlining the importance of considering a range of potential species when performing 

structural studies of Warfarin complexes or attempting to understand how Warfarin might 

interact with biological membranes. 
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FIGURES 
 
 

 
 
Figure 1. Chemical structures of a representative neutral form and anionic form of R-Warfarin. 
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Figure 2. Chemical structures of 20 tautomeric forms of R-Warfarin. 
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Figure 3. Steps involved in the formation of a molecule in vacuum and its subsequent 
solvation. 
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Figure 4. Groups identified as similar for the multi-molecule ESP charge fitting scheme. 
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TABLES 
 
Table 1. Experimental values for enthalpy of formation of gas phase at standard conditions (1 
atm pressure, 298.15 K). 

Molecule  DHf (expt.) 
(kJ/mol) 

Coumarin A -163.4 
Chromone B -126.1 
Dihydrobenzopyran C -82.4 
Hydrogen D 0.0 
Carbon dioxide E -393.5 
Water F -241.8 
Methane G -74.4 
Ethane H -83.8 
Ethene I 52.3 
Methanol J -205.0 
Ethanol K -234.0 
Isopropanol L -272.8 
Z-propen-1-ol M -174.0 
Propen-2-ol N -176.0 
Acetone O -218.5 
Toluene P 50.0 
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Table 2. Homodesmic reactions used to calculate the relative standard enthalpy of formation 
(DHf) and relative standard free enthalpy of formation (DGf) of 20 tautomers of R-Warfarin in 
the gas phase. 

Tautomer Homodesmic Reaction 
W01 W01 + I + 3G ® A + P + H + M + O 
W02 W02 + I + 3G ® B + P + H + M + O 
W03 W03 + 5G ® C + P + 2H + O + E 
W04 W04 + 5G ® C + P + 2H + O + E 
W05 W05 + I + 3G ® A + P + H + M + N 
W06 W06 + I + 3G ® A + P + H + M + N 
W07 W07 + I + 3G ® B + P + H + M + N 
W08 W08 + I + 3G ® B + P + H + M + N 
W09 W09 + 5G ® C + P + 2H + N + E 
W10 W10 + 5G ® C + P + 2H + N + E 
W11 W11 + 5G ® C + P + 2H + N + E 
W12 W12 + 5G ® C + P + 2H + N + E 
W13 W13 + I + 3G ® A + P + H + M + N 
W14 W14 + I + 3G ® B + P + H + M + N 
W15 W15 + 5G ® C + P + 2H + N + E 
W16 W16 + 5G ® C + P + 2H + N + E 
W17 W17 + I + 4G + F ® A + P + H + M + L + J 
W18 W18 + I + 4G + F ® A + P + H + M + L + J 
W19 W19 + I + 4G + F ® B + P + H + M + L + J 
W20 W20 + I + 4G + F ® B + P + H + M + L + J 
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Table 3. The enthalpy of formation (DHf) and the free enthalpy of formation (DGf) in vacuum 
for 20 tautomers of R-Warfarin derived directly from geometry optimization of 20 tautomers 
versus the ones calculated using homodesmic reactions at the B3LYP/6-311+G(3df,2p) level 
of theory. The entropy (S) for each molecule was estimated by combining the vibrational 
entropy (ZPVE) calculated using a single conformation at the B3LYP/6-311+G(3df,2p) level 
of theory at a temperature, T = 298.15K, with an estimate of the relative conformational entropy 
calculated based on the relative number of equivalent conformers as described in the text. The 
relative values are shown in kJ/mol.  
 

 DDHf -TDDS (relative) DDGf 

 direct homodesmic  ZPVE Sconf direct homodesmic  

W01 0.0 6.3 -8.3 -3.8 0.0 0.0 
W02 29.8 33.3 -8.0 -3.8 30.2 27.3 
W03 35.4 51.4 -15.8 -2.0 29.7 39.4 
W04 32.7 48.7 -13.6 -2.0 29.2 38.9 
W05 64.0 55.1 -8.0 -3.8 64.3 49.1 
W06 81.0 72.1 -15.9 -3.8 73.5 58.2 
W07 81.7 69.9 -7.8 -3.8 82.2 64.1 
W08 101.4 89.6 -15.5 -3.8 94.3 76.2 
W09 78.5 79.3 -9.7 -2.0 78.9 73.4 
W10 83.4 84.2 -14.4 -2.0 79.1 73.6 
W11 70.8 71.5 -8.6 -2.0 72.3 66.8 
W12 86.0 86.8 -14.5 -2.0 81.5 76.0 
W13 87.7 78.7 -9.0 -3.8 87.0 71.7 
W14 104.6 92.9 -7.8 -3.8 105.2 87.1 
W15 95.4 96.2 -8.9 -2.0 96.6 91.1 
W16 93.6 94.4 -8.8 -2.0 94.8 89.3 
W17 8.5 0.0 -1.0 -0.0 19.6 4.8 
W18 13.9 5.4 -0.0 -0.0 26.0 11.2 
W19 41.7 30.4 -0.5 -0.0 53.3 35.6 
W20 47.0 35.6 -0.2 -0.0 58.8 41.2 
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Table 4. The free enthalpy of solvation (DGsolv) for 20 tautomers of R-Warfarin using three different implicit solvation models (PCM, COSMO 
and SMD) and in explicit solvent, for water, DMSO and hexane as described in the methods. The values are in kJ/mol. The statistical error in the 
explicit solvent calculations is ± 1.0 kJ/mol. The range is the difference between the highest and lowest values. 
 

 PCM  COSMO  SMD  Explicit solvent 

 Water DMSO hexane  Water DMSO hexane  Water DMSO hexane  Water DMSO hexane 

W01 -38.3 -37.6 -12.4  -38.7 -38.2 -16.3  -45.9 -66.0 -54.9  -60.9 -96.3 -70.3 
W02 -37.2 -36.5 -11.8  -37.5 -37.1 -15.7  -45.9 -64.8 -54.7  -79.5 -110.3 -66.3 
W03 -43.7 -43.0 -14.8  -44.0 -43.6 -19.0  -57.1 -76.6 -58.8  -66.3 -99.7 -65.6 
W04 -36.9 -36.3 -12.4  -37.3 -36.9 -16.1  -43.8 -67.4 -56.2  -66.4 -99.4 -70.0 
W05 -42.7 -42.0 -13.9  -43.1 -42.6 -18.1  -53.8 -67.1 -54.7  -73.7 -118.9 -69.2 
W06 -49.5 -48.7 -15.9  -50.0 -49.4 -20.9  -67.1 -73.6 -56.9  -73.0 -120.0 -68.2 
W07 -39.5 -38.8 -12.9  -39.8 -39.4 -16.7  -47.9 -60.6 -53.4  -77.8 -114.7 -69.7 
W08 -44.0 -43.3 -14.4  -44.4 -44.0 -18.8  -59.5 -64.7 -54.7  -79.5 -117.5 -67.7 
W09 -35.0 -34.5 -11.7  -35.4 -35.0 -15.2  -44.0 -65.7 -54.9  -65.2 -106.9 -64.0 
W10 -38.9 -38.3 -13.4  -39.2 -38.8 -17.1  -54.1 -69.2 -55.8  -65.9 -102.1 -65.3 
W11 -35.4 -34.8 -11.6  -35.7 -35.3 -15.3  -43.5 -65.2 -54.5  -64.6 -101.3 -69.5 
W12 -39.4 -38.7 -12.7  -39.8 -39.4 -16.9  -53.7 -69.2 -55.2  -68.0 -107.4 -64.7 
W13 -46.1 -45.4 -15.4  -46.5 -46.0 -19.5  -58.7 -70.1 -54.9  -86.0 -132.5 -67.9 
W14 -42.5 -41.9 -14.3  -42.9 -42.4 -18.1  -52.6 -63.0 -53.0  -84.4 -123.5 -66.1 
W15 -39.8 -39.1 -13.1  -40.2 -39.8 -17.3  -49.3 -70.3 -54.6  -65.6 -104.4 -66.1 
W16 -34.3 -33.7 -11.5  -34.6 -34.2 -14.9  -50.8 -63.4 -53.0  -70.9 -108.3 -70.1 
W17 -43.6 -42.9 -13.9  -44.1 -43.6 -18.3  -54.9 -67.5 -54.8  -72.4 -114.3 -70.2 
W18 -45.2 -44.4 -14.3  -45.7 -45.2 -19.1  -57.1 -68.9 -55.0  -63.2 -105.7 -68.3 
W19 -42.7 -41.9 -13.6  -43.2 -42.7 -18.1  -55.6 -66.6 -54.8  -74.4 -113.5 -71.0 
W20 -44.1 -43.3 -13.9  -44.6 -44.1 -18.7  -58.1 -67.9 -54.7  -69.2 -105.7 -70.0 
Range 15.2 15.0 4.4  15.4 15.2 6.0  23.6 16.0 5.8  25.1 36.2 7.0 
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Table 5. The total free enthalpy in solution (DGf + DGsolv) for 20 tautomers of R-Warfarin in 
water, DMSO and hexane solvation free enthalpies obtained using explicit solvent. The relative 
values are shown in kJ/mol.  
 

 Water DMSO Hexane 

 direct homodesmic direct homodesmic direct homodesmic 

W01 0.0 6.7 0.0 13.2 0.0 0.0 
W02 11.6 15.4 16.2 26.5 34.2 31.3 
W03 24.3 40.7 26.3 49.2 34.4 44.1 
W04 23.7 40.1 26.1 49.0 29.5 39.2 
W05 51.5 43.0 41.7 39.7 65.4 50.2 
W06 61.4 52.8 49.8 47.7 75.6 60.3 
W07 65.3 53.9 63.8 58.9 82.8 64.7 
W08 75.7 64.3 73.1 68.2 96.9 78.8 
W09 74.6 75.8 68.3 76.0 85.2 79.7 
W10 74.1 75.3 73.3 81.0 84.1 78.6 
W11 68.6 69.8 67.3 75.0 73.1 67.6 
W12 74.4 75.6 70.4 78.1 87.1 81.6 
W13 61.9 53.3 50.8 48.7 89.4 74.1 
W14 81.7 70.3 78.0 73.1 109.4 91.3 
W15 91.9 93.1 88.5 96.2 100.8 95.3 
W16 84.8 86.0 82.8 90.5 95.0 89.5 
W17 8.1 0.0 1.6 0.0 19.7 4.9 
W18 23.7 15.6 16.6 15.0 28.0 13.2 
W19 39.8 28.8 36.1 31.6 52.6 34.9 
W20 50.5 39.6 49.4 45.0 59.1 41.5 
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