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Chapter 4 
 

A medicinal chemistry perspective on 
melting point: matched molecular pair  

analysis of the effects of simple descriptors  
on the melting point of drug-like compounds  

Sabine Schultes, Chris de Graaf, Helmut Berger, Moriz Mayer, Andreas Steffen, Eric E.J. 
Haaksma, Iwan J.P. de Esch, Rob Leurs and Oliver Krämer 

Adapted from Med. Chem. Commun. 2012, 3, 584-591 

Abstract 

The influence of simple molecular descriptors on the melting point temperature (Tm) has 
been investigated using a matched molecular pair (MMP) analysis. This method has been 
used to identify small structural differences between pairs of molecules, which are related 
to changes in Tm. Our analysis shows that the number of hydrogen bond donors, 
hydrogen bond acceptors and rotatable bonds has a significant effect on the Tm of a 
molecule. Hydrogen bond donors have the most pronounced effect. Furthermore, the 
studies reveal that not ClogP but rather the number of bromine and iodine atoms has a 
marked effect on the Tm. The results of our MMP analysis are discussed within the 
context of drug solubility optimization. 
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Introduction 

The melting point temperature (Tm) is a fundamental property of a molecule. For example, 
in organic chemistry it is used for compound characterization as well as for evaluating its 
purity. In addition, the Tm is used as a descriptor for the prediction of other properties 
such as the boiling point1 or solubility2. From a pharmaceutical point of view the latter is a 
key determinant of the bioavailability of a drug and thus also for its in vivo activity.  

Solubility can be estimated by the General Solubility Equation (GSE).2 The GSE was first 
introduced by Yalkowsky and Valvani3 and revisited by Jain and Yalkowsky in its present 
form (eq. (1)):2  

(1) logS = 0.5 – 0.01 (Tm - 25) - logKOW 

According to the GSE a compound shows a high solubility if it has a small octanol-water 
partition coefficient (KOW) as well as a low Tm. The Tm is a determinant describing how 
difficult it is for a molecule to be released from the crystal lattice, KOW is a factor for how 
likely the molecules will be solvated in water. The mechanisms to reduce KOW are well 
understood and tools that accurately predict KOW are available.4,5 However, this is not the 
case for the Tm. 

Several quantitative structure property relationship (QSPR) approaches to predict the Tm 
are described.6-16 While the earliest studies on Tm prediction focused on small sets of 
chemically similar compounds17-19, recent Tm prediction studies are based on larger and 
chemically more diverse datasets, and use a variety of computational descriptors and 
different methods for model building.6-11,13-16 It has been shown that better predictions of 
the Tm are obtained with non-linear models.10 It is not straightforward, however, to derive 
rules from such complicated models that are suitable to guide ligand design in a 
medicinal chemistry context. Linear models are more suitable to derive such ligand 
design principles, but to the best of our knowledge, so far no linear model has been 
described that allows the prediction of Tm values of large and diverse datasets using only 
a few and simple descriptors (familiar to medicinal chemists).  

In this sense group contribution methods are more instructive for drug design. According 
to these methods molecules are divided into small fragments, which are then related to 
the property of interest using multi-linear regression. Joback and Reid applied such an 
approach for the prediction of several physical properties, including the Tm.20 Zhao and 
Yalkowsky presented an approach which combines group contribution analysis with 
molecular parameters.21 The theoretical basis for this approach is that the free energy of 
the phase transition during melting (∆Gm) is zero (eq. (2)).  
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(2) ∆Gm = ∆Hm – Tm∆Sm = 0 

The Tm is therefore described by a relation of melting enthalpy (∆Hm) and entropy (∆Sm) 
(eq. (3)). 

(3) Tm = ∆Hm /∆Sm 

It is assumed that every group always has the same contribution to the ∆Hm. Thus, the 
total ∆Hm can be estimated by a summation of the ∆Hm values of the individual groups. 
∆Sm is primarily dependent on rotational and conformational changes. This can be 

estimated by using two non-additive parameters, the rotational symmetry number (σ), 

accounting for rotational changes, and the molecular flexibility number (ϕ), accounting for 

conformational changes. Both are combined in eq. (4)22 where R is the universal gas 
constant. 

(4) ∆Sm = 50 - Rlnσ - Rlnϕ 

In this work we analysed the influence of simple descriptors on the Tm. Following the 
philosophy of Gleeson´s ‘ADMET Rules of Thumb’23 or Lipinski´s ‘Rule of Five’24 we 
focused on descriptors that are familiar to medicinal chemists (hydrogen bond donors, 
hydrogen bond acceptors, rotatable bonds, topological polar surface area, octanol-water 
partition coefficient and halogen atoms). Using a matched molecular pair (MMP) analysis 
we analysed their influence on the Tm. A MMP is a pair of molecules that only differ by a 
single localized structural change.25 The identification of such MMPs allows the relation of 
small structural transformations to changes in corresponding experimental endpoints.26-32 
In our work we described the structural change by simple descriptors and related the 
change of a distinct descriptor to the change of the Tm. The analysis was performed on a 
dataset of molecules stemming from in-house drug discovery projects. In addition, we 
analysed a publicly available dataset in order to evaluate if the results we obtained for in-
house compounds are generally valid. Knowing which descriptors have a big influence on 
the Tm we discuss how to modify molecules to achieve effective solubility improvement.  

Methods 

Datasets 

In-house dataset: Our in-house dataset consists of 746 molecules with Tm values measured for the 
free base. Salts were not considered as the Tm depends on the respective salt form. If more than one 
Tm was available for a molecule, the highest Tm was used (as this corresponds to the most stable 
crystal packing). All molecules contain at least four carbon atoms and possess a molecular weight 
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below 1000Da. The Tm values cover a range from 48°C to 345°C. 

Public dataset: For comparison we used a second dataset described by Karthikeyan et al.11 which 
was originally extracted from the Molecular Diversity Preservation International (MDPI) database.33 
The dataset originally contained 4450 entries. Pipeline Pilot version 7.534 was used to process the 
dataset. Entries where SMILES codes could not be converted into molecular structures were 
omitted. As before, only the highest available Tm for a particular molecule was considered. Salts 
were removed and only the Tm values available for free bases were used in this study. Furthermore, 
we only retained molecules, which contain at least four carbon atoms and have a molecular weight 
below 1000Da. Molecules containing atoms with bad valence states were removed. The 4057 
remaining molecules cover a range of Tm values from 14°C to 389°C. 

In-house measurement of Tm values 

All experiments were performed on a Mettler Toledo Polymer DSC R system fitted with a 34-position 
autosampler. Nitrogen was used as purge and drying gas at flows of 60ml/min and 200ml/min 
respectively. Since no prior knowledge of the Tm values of the compounds existed, the same 
temperature program was used for all measurements. The starting and the end temperatures were 
25°C and 350°C respectively. The heating rate was set to 10K/min which resulted in run times of 32 
min per sample.  

Either 40 µl or 100 µl aluminum crucibles sealed with a perforated lid were used depending on 
sample preparation. Either solid compounds were weighed into the 40 µl crucibles (0.5-5 mg) or 
compound preparation was started from a 10 mM DMSO stock solution. In the latter case ~90 µl of 
the DMSO stock solution (corresponding to ~0.45 mg of compound at a MW of 500 g/mol) were 
pipetted directly into 100 µl crucibles and then sealed with the perforated lid. In order to obtain solid 
material from the stock solutions the 90µl were first concentrated to ~40 µl in an HT4 evaporator and 
later lyophilized in an Epsilon lyophilizer with an appropriate temperature cycle to remove the DMSO. 
Analysis of DSC diagrams was performed with STARe Software Version 9.10 from Mettler Toledo. 

Generation of MMPs 

In this work we used an algorithm that identifies MMPs within a given dataset in an automated 
fashion similar to Hussain et al.25 The molecules in a MMP differ either by a ring system, the 
substitution pattern of a ring system, a linker group between two ring systems or a terminal acyclic 
side chain (Figure 1). To focus on small structural changes we limited the number of atoms that 
differ within a MMP. We discarded MMPs, which had at least one molecule where the number of 
atoms of the transformed part exceeded half of the total number of atoms in the molecule. 
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Figure 1. Matched molecular pair (MMP) generation scheme. Molecules in a MMP differ either by a 
ring system, the substitution pattern of a ring system, a linker group between two ring systems or a 
terminal acyclic side chain 

Calculation of descriptors 

The following descriptors were used in this study: Number of hydrogen bond donors, number of 
hydrogen bond acceptors, topological polar surface area (TPSA)35, calculated octanol-water partition 
coefficient (ClogP), number of rotatable bonds and number of halogen atoms (F, Cl, Br and I, 
respectively). For the calculation of the number of hydrogen bond donors every OH, NH and NH2 
group was counted as one donor.36 As hydrogen bond acceptors all oxygen and nitrogen atoms (with 
exceptions) were counted. Nitrogen atoms, which were not counted as hydrogen bond acceptors are 
listed in the Supplementary Information. Rotatable bonds were defined as single bonds between 
heavy atoms that are not in a ring and not terminal. Special cases, that were not counted as 
rotatable bonds, are listed in the Supplementary Information. ClogP was calculated using Daylight 
version 4.94.37 TPSA and the number of fluorine, chlorine, bromine and iodine atoms were calculated 
with MOE version 2009.10.38  

Evaluation of the Influence of descriptors on the Tm 

Organization of the datasets 

By comparing the generated MMPs we investigated which structural changes and respective 
changes in descriptors have a strong influence on the change of the Tm. The effect of a single 
descriptor on the melting point was investigated by selecting a subset of MMPs for which only this 
descriptor of interest is increased. In some cases the effect of the change of multiple descriptors at 
once on the Tm was of interest. In these cases subsets of MMPs were selected where only these 
selected descriptors changed. To exclude the influence of other descriptors only MMPs where the 
other descriptors remained constant were considered. 
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Statistical analysis 

The significance of the effect of a change of molecular descriptors on the Tm was evaluated using the 
open-source software R 2.10.1.39 For each selected MMP subset the difference in Tm values of each 
MMP as well as the mean of these Tm differences (∆Tm) for all MMPs was calculated. Statistical 
analyses were performed to assess whether ∆Tm significantly deviates from zero. Along with the 
∆Tm, the standard deviation of the Tm differences (SD) was calculated. When only one descriptor of 
interest was increased, the average increase of this descriptor (∆descr) was calculated. Additionally, 
we determined how often the change of one (or more) descriptor(s) led to an increase or a decrease 
of the Tm (%>0, %<0). As some structural changes did not lead to a Tm change, these values do not 
always sum up to 100%.  

To evaluate whether ∆Tm significantly deviates from zero, a one-sample Student’s t-test or a one-
sample Wilcoxon rank-sum test was used. The choice was dependent on the distribution of the data: 
Student’s t-test was used for all normally distributed data and Wilcoxon rank-sum test for all other 
distributions. The distributions of the datasets were evaluated by a Shapiro-Wilk test. A confidence 
interval of 95% was used for all tests. 

Results and discussion 

In this study we investigated the relevance of the selected descriptors on the Tm. We 
used MMPs and not any pair of molecules as this enabled us to relate the Tm changes to 
small changes in the structure. The Tm changes in our analyses are therefore not related 
to a change of the whole molecule but just to these small structural changes. The 
structural changes were described by a change of descriptors as they can provide a more 
general understanding of the influence of structural motifs on the Tm. MMPs where more 
than the descriptor(s) of interest changed could be excluded. This enabled us to focus on 
the influence of individual descriptors of interest on the Tm. The analysis was performed 
for Tm data that were measured in-house or taken from a publically available dataset.11  

Two distinct Tm datasets 

The in-house dataset (746 compounds) contains 971 MMPs according to our definition 
(see methods section and Figure 1). These MMPs comprise 543 unique compounds 
(dataset A). 203 compounds are not part of any MMP in the dataset. The Tm values of the 
compounds of dataset A cover a range of 48°C to 345°C. The Karthikeyan dataset (4057 
compounds) contains 5652 MMPs comprising 2327 unique compounds (dataset B). For 
this dataset 1730 compounds are not part of any MMP. The Tm values of the compounds 
of dataset B cover a range of 14°C to 389°C.  
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Overlap of the datasets (A and B) was estimated by the number of identical Murcko 
Frames.40 A Murcko Frame is a ring system or linked ring system of a compound that is 
left over after all side chains are cut off. Compounds of the in-house dataset, which are 
also part of a MMP (dataset A, 543 compounds), contain 189 different Murcko Frames. 
Compounds of the Karthikeyan dataset, which are also part of a MMP (dataset B, 2327 
compounds), contain 582 different Murcko Frames. Dataset A and B have only 2 Murcko 
Frames in common. 

Additionally, the overlap of the exchanged groups was determined. The 971 MMPs of the 
in-house datasets contain 641 different structural exchanges. The 5652 MMPs of the 
Karthikeyan dataset contain 3718 different structural exchanges. Both dataset have only 
94 structural exchanges in common. 

Frequency plots of the Tm values of dataset A and B, show a shift towards higher Tm 

values for in-house compounds (dataset A) compared to compounds in the Karthikeyan 
dataset (dataset B) (Figure 2).  

 
Figure 2. Frequency plots of the Tm values of compounds for which a MMP is available in the in-
house dataset (dataset A, red) and in the Karthikeyan dataset (dataset B, blue). 
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The drug-likeness of compounds of both datasets, A and B, was evaluated by Lipinski´s 
‘Rule of Five’.24 In both datasets a high proportion of compounds (82.0% of dataset A and 
81.4% of dataset B) fulfils the criteria 

MMP analysis identifies key determinants of the Tm values of drug-like molecules  

We analysed the influence of changes of simple descriptors, familiar to medicinal 
chemists, on the Tm. As ‘MedChem-intuitive’ descriptors, we initially considered hydrogen 
bond donors, hydrogen bond acceptors, TPSA, the number of rotatable bonds, ClogP, 
and the number of different halogen atoms. Since for both datasets (A and B) the number 
of hydrogen bond acceptors is strongly correlated with TPSA (dataset A: r2 = 0.83, 
dataset B: r2=0.76), only the number of hydrogen bond acceptors was chosen, as it is 
more intuitive than TPSA.  

To analyse the influence of the descriptors on the Tm, MMPs were organized as 
described in the Methods section. Only one descriptor or a combination of selected 
descriptors was allowed to change in the MMPs, whereas the others were kept constant. 
In the case of ClogP a change within in the range +/- 0.5 was tolerated.  

Table 1 and Figure 3a summarize the average effect of the different descriptors on the 
Tm (Table S1 and Figure S1 show the same analysis without halogen atom constraint 
and Table S2 and Figure S2 show the same analysis without ClogP as a constraint). 
Table 2 and Figure 3b show the effect on the Tm by increasing the number of hydrogen 
bond donors and acceptors and rotatable bonds by exactly one. Table 3 and Figure 3c 
as well as Table S3 and Figure S3 show the effect of changing multiple descriptors 
simultaneously. Table 4 and Figure 3d show the average effect of different halogen 
atoms on the Tm. 

Hydrogen bond donors and acceptors increase the Tm 

MMPs analyses of the in-house and Karthikeyan datasets show that an increase of 
hydrogen bond donors and hydrogen bond acceptors on average results in a significant 
increase of the Tm (Table 1 and Figure 3a, Table S1 and Figure S1, Table S2 and 
Figure S2). This pronounced effect can be explained by the fact that hydrogen bond 
networks can stabilize the crystal lattice. Some examples where the addition of a 
hydrogen bond donor or hydrogen bond acceptor does not lead to an increase of the Tm 
(Table S4) can be rationalized by the formation of intra-molecular hydrogen bonds. 

Interestingly, the addition of one hydrogen bond donor on average results in a higher Tm 
change than the addition of one hydrogen bond acceptor (Table 2 and Figure 3b). 
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Moreover, an increase of one hydrogen bond donor in combination with a decrease of 
one hydrogen bond acceptor on average results in a Tm increase (Table 3 and Figure 
3c), further indicating that hydrogen bond donors have a higher impact on the Tm than 
hydrogen bond acceptors.  

Flexibility decreases the Tm 

Our MMP analysis shows that for both datasets an increase in rotatable bonds on 
average gives a significant decrease of the Tm (Table 1 and Figure 3a, Table S1 and 
Figure S1, Table S2 and Figure S2). This can be rationalized by the theory of 
Dannenfelser et al.22 as rotational bonds lead to a higher flexibility and thus to a higher 
melting entropy. The average decrease in Tm associated with an increase of one single 
rotatable bond is however lower than the increase in Tm associated with the increase of 
one hydrogen bond donor but comparable with the increase in Tm associated with an 
increase of one hydrogen bond acceptor (Table 2 and Figure 3b). The addition of one 
rotatable bond in combination with the addition of one hydrogen bond donor (but not with 
the addition of a hydrogen bond acceptor) on average gives an increase in Tm (Table 3 
and Figure 3c). A decrease in Tm is observed for almost all MMPs for which the number 
of hydrogen bond donors and hydrogen bond acceptors is decreased and the number of 
rotatable bonds is increased (Table S3 and Figure S3). This combined effect is on 
average higher than the effect of the individual descriptors on the Tm (Table 1 and Figure 
3a, Table 2 and Figure 3b, Table S1 and Figure S1, Table S2 and Figure S2). 

Not hydrophobicity, but halogen atoms influence the Tm  

An increase of the ClogP value (without the constraint that the number of each halogen 
atom type is kept constant) leads in the Karthikeyan dataset on average to a significant 
increase of the Tm, whereas it has no significant effect on the Tm values in the in-house 
dataset (Table S1 and Figure S1). Comparing the MMPs of both datasets reveals that 
the increase of ClogP of MMPs in the Karthikeyan dataset is often the result of either an 
exchange (to a bigger halogen atom) or an increase of the number of halogen atoms. 
Table 4 and Figure 3d show that for the compounds of the Karthikeyan dataset an 
increase of the number of iodine, bromine as well as chlorine atoms gives a significant 
increase of the Tm. When the number of halogen atoms is included as an additional 
constraint in the MMP analysis, ClogP does not have any significant effect on the Tm 
values in either of the datasets (Table 1 and Figure 3a).  
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Figure 3. a) Box plots of the Tm changes if the descriptor of interest (number of hydrogen bond 
donors (Hdon), number of hydrogen bond acceptors (Hacc), number of rotatable bonds (Nrot), 
calculated octanol-water partition coefficient (ClogP)) is increased while the respective other 
descriptors, as well as the number of each halogen atom type, remain constant. b) Box plots of the 
Tm changes if the descriptor of interest is increased exactly by one while the respective other 
descriptors, as well as the number of each halogen atom type, remain constant. c) Box plots of the 
Tm changes if two descriptors of interest (out of hydrogen bond donors, hydrogen bond acceptors or 
the number of rotatable bonds) are changed exactly by one while the remaining descriptor, as well 
as the number of each halogen atom type, remains constant. d) Box plots of the Tm changes if the 
number of one halogen atom type (F, Cl, Br, I) is increased while the number of the respective other 
halogen atom types, as well as the number of hydrogen bond donors, the number of hydrogen bond 
acceptors and the number of rotatable bonds, remains constant. In-house data are shown in red, 
Karthikeyan data are shown in blue. Associated strip plots are shown in Figure S4. 
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This indicates that it is possible to reduce ClogP for solubility improvement without 
increasing the Tm at the same time. A reduction of ClogP (without a modification of 
hydrogen bonding properties or rotational bonds) can be achieved by a removal of 
lipophilic (carbon) atoms. However, lipophilic groups are often needed to achieve high 
affinity against a target. Therefore, ClogP reduction is more often achieved by 
introduction of hydrophilic groups containing hydrogen bond donors or hydrogen bond 
acceptors. As described in the matched molecular pair study of Zhang et al.32 the addition 
of a hydroxyl group very frequently leads to an increase in solubility. However, we 
observed that in both datasets this group also very frequently leads to an increase of the 
Tm (all of the 3 cases in the in-house dataset, 76% of the 59 cases in the Karthikeyan 
dataset). This illustrates that the favorable effect of such hydrophilic groups on solvation 
can overcompensate the adverse effect on the Tm.  

Table 1. Influence of hydrogen bond donors (Hdon), hydrogen bond acceptors (Hacc), 
the number of rotatable bonds (Nrot) and the calculated octanol-water partition coefficient 
(ClogP) on the Tm under the constraint that only the descriptor of interest is increased 
while the respective other descriptors, as well as the number of each halogen atom type 
(nX), remain constant. 

descriptors const ∆descra ∆Tm
b SDc signifd %<0e %>0f ng 

In-house 
Hdon Hacc, ClogP, Nrot, nX 1.1 48 46 yes*** 16.7 80.6 36 
Hacc Hdon, ClogP, Nrot, nX 1 36 48 yes* 23.1 76.9 13 
ClogP Hdon, Hacc, Nrot, nX 0.5 -1 38 no (0.77) 47.6 50.5 103 
Nrot Hdon, Hacc, ClogP, nX 1.3 -21 38 yes*** 72.1 26.2 61 

Karthikeyan 
Hdon Hacc, ClogP, Nrot, nX 1.1 28 61 yes* 28.3 69.6 46 
Hacc Hdon, ClogP, Nrot, nX 1.7 20 51 yes*** 31.6 68.1 263 
ClogP Hdon, Hacc, Nrot, nX 0.7 2 44 no (0.24) 45.4 53.6 390 
Nrot Hdon, Hacc, ClogP, nX 2.0 -12 54 yes** 66.5 31.6 155 

a mean change of the descriptor of interest. b mean change of the Tm. c standard deviation of Tm 
changes. d significance, ‘yes’ if ∆Tm significantly deviates from zero (p<0.05), ‘no’ if ∆Tm does not 
significantly deviate from zero (p>0.05), p-values are classified (* p<0.05, ** p<0.001, *** p<0.0001) 
or written in brackets. e frequency of Tm decrease. f frequency of Tm increase. g number of MMPs. 
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Table 2. Influence of hydrogen bond donors (Hdon), hydrogen bond acceptors (Hacc) 
and the number of rotatable bonds (Nrot) on the Tm under the constraint that only the 
descriptors of interest is increased exactly by one while the respective other descriptors, 
as well as the number of each halogen atom type (nX), remain constant. 

descriptors const ∆Tm
b SDc signifd %<0e %>0f ng 

In-house 
Hdon+1 Hacc, Nrot, nX 51 45 yes*** 14.6 81.3 48 
Hacc+1 Hdon, Nrot, nX 22 38 yes*** 23.7 71.2 59 
Nrot+1 Hdon, Hacc, nX -17 38 yes*** 72.4 26.7 116 

Karthikeyan 
Hdon+1 Hacc, Nrot, nX 28 57 yes*** 28.2 66.4 110 
Hacc+1 Hdon, Nrot, nX 9 46 yes* 41.8 57.5 268 
Nrot+1 Hdon, Hacc, nX -10 50 yes*** 64.8 33.8 210 

a mean change of the Tm. b standard deviation of Tm changes. c significance, ‘yes’ if ∆Tm significantly 
deviates from zero (p<0.05), ‘no’ if ∆Tm does not significantly deviate from zero (p>0.05), p-values 
are classified (* p<0.05, ** p<0.001, *** p<0.0001) or written in brackets. d frequency of Tm decrease. 
e frequency of Tm increase. f number of MMPs. 
 

Table 3. Influence on the Tm if two descriptors (out of hydrogen bond donors (Hdon), 
hydrogen bond acceptors (Hacc) or the number of rotatable bonds (Nrot)) are changed 
while the remaining descriptor, as well as the number of each halogen atom type (nX), 
remains constant. 

descriptors const ∆Tm
b SDc signifd %<0e %>0f ng 

In-house 
Hdon+1, Hacc-1 Nrot, nX 23 43 no (0.22) 28.6 71.4 7 
Hdon+1, Nrot+1 Hacc, nX 46 55 yes* 20.0 80.0 20 
Hacc+1, Nrot+1 Hdon, nX -3 39 no (0.43) 55.7 43.2 88 

Karthikeyan 
Hdon+1, Hacc-1 Nrot. nX 25 50 yes** 30.9 69.1 68 
Hdon+1, Nrot+1 Hacc, nX 21 58 yes* 36.3 63.7 80 
Hacc+1, Nrot+1 Hdon, nX 7 49 no (0.14) 49.6 50.4 264 

a mean change of the Tm, b standard deviation of Tm changes. c significance, ‘yes’ if ∆Tm significantly 
deviates from zero (p<0.05), ‘no’ if ∆Tm does not significantly deviate from zero (p>0.05), p-values 
are classified (* p<0.05, ** p<0.001, *** p<0.0001) or written in brackets. d frequency of Tm decrease. 
e frequency of Tm increase. f number of MMPs. 
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Table 4. Influence of each halogen atom type (F, Cl, Br, I) on the Tm under the constraint 
that only the halogen atom type of interest is increased while the number of respective 
other halogen atom types, as well as the number of hydrogen bond donors (Hdon), the 
number of hydrogen bond acceptors (Hacc) and the number of rotatable bonds (Nrot), 
remains constant. 

descriptors const ∆descra ∆Tm
b SDc signifd %<0e %>0f ng 

In-house 
F Hdon, Hacc, Nrot, Cl, Br, I 1.3 -1 36 no(0.91) 50.0 41.7 24 
Cl Hdon, Hacc, Nrot, F, Br, I 1 -10 43 no(0.50) 55.6 44.4 9 
Br Hdon, Hacc, Nrot, F, Cl, I 1 47 36 yes** 6.3 93.7 16 
I Hdon, Hacc, Nrot, F, Cl, Br 1 10 NA# no(1.00) 0 100 1 

Karthikeyan 
F Hdon, Hacc, Nrot, Cl, Br, I 1.8 -7 49 no(0.56) 58.5 39.0 41 
Cl Hdon, Hacc, Nrot, F, Br, I 1 7 47 yes* 41.0 58.5 188 
Br Hdon, Hacc, Nrot, F, Cl, I 1.2 24 46 yes*** 31.3 68.7 128 
I Hdon, Hacc, Nrot, F, Cl, Br 1 39 9 yes* 0 100 8 

a mean change of the descriptor of interest. b mean change of the Tm. c standard deviation of Tm 
changes. d significance, ‘yes’ if ∆Tm significantly deviates from zero (p<0.05), ‘no’ if ∆Tm does not 
significantly deviate from zero (p>0.05), p-values are classified (* p<0.05, ** p<0.001, *** p<0.0001) 
or written in brackets. e frequency Tm is decreased. f frequency Tm is increased. g number of MMPs. 
#not available 

We already observed that the number of hydrogen bond donors has a higher effect on 
the Tm than the number of hydrogen bond acceptors (Tables 1-3 and Figure 3a-c, Table 
S1 and Figure S1, Table S2 and Figure S2). The introduction of extra hydrogen bond 
acceptors therefore appears to be a favorable way (compared to an increases of 
hydrogen bond donors) to decrease ClogP for solubility optimization purposes.  

In the case of halogens (Table 4 and Figure 3d) the addition of an iodine atom in every 
case (although just one example is available in the in-house dataset) results in increased 
Tm values. Also the addition of a bromine leads in both datasets very frequently to an 
increase of the Tm. The ability of these halogen atoms to increase the Tm cannot be 
explained by their lipophilic character, as ClogP has been shown to have no significant 
influence on the Tm. An explanation for the ability of these halogens to form strong crystal 
interactions could be that they can form, like hydrogen bond donors, non-covalent 
bonds.41 These halogen bonds (charge transfer bonds) occur between a hydrogen bond 
acceptor from which the negative charge is transferred to a polarized halogen serving as 
the hydrogen bond donor. The ability to act as a donor decreases with the polarizability of 
the halogen.42 In our study we observed for both datasets that Tm is less often increased 
within the series I > Br > Cl > F (Table 4) which is in accordance with this theory. 
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Frequent structural modifications leading to large changes in Tm 

Finally we were interested which structural changes lead in general to the highest Tm 
changes. Tables 5 and 6 show five structural exchanges, which occur at least five times 
and which lead in the in-house and in the Karthikeyan dataset to the highest mean Tm 
decrease (∆Tm). As expected, in most of the examples a large decrease of the Tm can be 
explained either by a loss of hydrogen bond donors or hydrogen bond acceptors or by a 
gain of rotatable bonds. In both datasets also one example exists where the decrease of 
the Tm can be explained by a variation of big halogen atoms. In the example of the in-
house dataset a bromine atom is lost and in the Karthikeyan dataset an iodine atom is 
exchanged against a bromine atom. In the first ranked examples of both datasets the 
structural exchange results in a loss of an amide group. This group is very small and 
inflexible but provides both a hydrogen bond donor and a hydrogen bond acceptor. This 
is in line with the finding of Zhang et al.32 that the introduction of an amide group often 
decreases solubility. Our results confirm that this negative effect on solubility, despite the 
hydrophilic character of the amide group, can (at least partially) be explained by the 
stabilization of crystal packing and the resulting increase of the melting point. 

Table 5. The five structural exchanges of the in-house dataset which occur at least five 
times and result in the highest mean change of the Tm. 

In-house - 
FROM TO ∆Tm

a SDb nc ∆descrd 

 

Rar
 

-145 42 14 
-1Hdon 
-1Hacc 

 

Rar
H

 
-62 33 6 

-1Hdon 
-1Hacc 

  
-52 31 5 

+1Hacc 
+3Nrot 

R
Br

 
R

H

 
-47 37 14 -1Br 

R  
N

R  
-43 18 6 

+1Hacc 
+3Nrot 

a mean decrease of the Tm. b standard deviation of Tm changes. c number of MMPs. d change of 
descriptors (hydrogen bond donor (Hdon), hydrogen bond acceptor (Hacc), rotatable bond (Nrot), 
chlorine atom (Cl), bromine atom (Br)), R: any ring, Rar: aromatic ring 
√  
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Table 6. The five structural exchanges of the Karthikeyan dataset which occur at least 
five times and result in the highest mean change of the Tm. 

Karthikeyan- 
FROM TO ∆Tm

a SDb nc ∆descrd 

 

Rar
H

 
-80 42 13 

 -1Hdon 
 -1Hacc 

 
Rar

O

 
-62 38 6 

 -1Hdon 
 -1Hacc 
+1Nrot 

 
R

O

 
-55 69 6 

 -1Hdon 
 -1Hacc 

 
R

Cl

 
-55 64 19 

 -1Hdon 
 -1Hacc 
+1Cl 

R
I

 R
Br

 
-52 69 5 

 -1I 
+1Br 

a mean decrease of the Tm. b standard deviation of Tm changes. c number of MMPs. d change of 
descriptors (hydrogen bond donor (Hdon), hydrogen bond acceptor (Hacc), rotatable bond (Nrot), 
chlorine atom (Cl), bromine atom (Br), iodine atom (I)), R: any ring, Rar: aromatic ring 

Conclusions 

In this work we have investigated the influence of simple, ‘MedChem-intuitive’ descriptors 

on the Tm. The Tm is of particular interest as it influences solubility. Understanding the 

effects of structural variations on Tm on the basis of simple, structurally interpretable 

descriptors is therefore of high interest to medicinal chemists. 

For our study we used Tm data that were measured in-house as well as Tm data from a 

public dataset. The public dataset comprises a larger amount of data and a higher 

chemical diversity in comparison to the in-house dataset. For both datasets essentially 

the same results were obtained although Murcko Frames of both datasets hardly show 

any overlap. Additionally ~80% of compounds of both datasets that were involved in the 

MMP analysis are drug-like. This suggests that the main conclusions that can be drawn 

are valid for a wide range of not only organic but also drug-like compounds. 

Our results indicate that hydrogen bond donors, hydrogen bond acceptors and rotatable 

bonds have a significant influence on the Tm. In addition large halogen atoms, like iodine 

and bromine, also influence the Tm. In both datasets hydrogen bond donors have the 
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largest impact compared to hydrogen bond acceptors and rotatable bonds. 

For solubility optimization these results suggest that an increase of rotatable bonds is 

expected to have a favorable effect (if achieved without increasing lipophilicity). In the 

case of hydrogen bond donors and acceptors the increase in hydrophilicity is favorable 

for solubility. However, their ability to stabilize crystal packing and to increase Tm might 

compensate this effect. Avoidance of large halogens, like iodine and bromine, is favorable 

for low Tm and low ClogP values, and is therefore expected to lead to improved 

solubility.32 

All of the investigated descriptors can be easily interpreted. Although these descriptors 

comprise only some of the factors that influence the Tm, knowing their impact will be 

valuable for guiding drug design. 

Supplementary information 

Nitrogen atoms in the following groups were not counted as acceptors: nitro, amide, amidine, 
sulphonamide, aniline, pyrrol, N=O, quaternary N, positive aromatic N and vinylamine.  

The following bonds were not counted as rotatable bonds: bonds to terminal triple bonds, C-N bond 
in amide groups and amidine groups, N-S bond in sulphonamide groups, bonds between an 
aromatic ring and a nitro group, carboxylate group, amide group and an anilinic or anilidic nitrogen 
atom, vinylic amide bonds, vinylic carbonyl bonds, bonds between aromatic atoms (e.g. biphenyl), 
styrol bonds, conjugated double bonds, diphenylmethylene bonds, bonds to trihalogenated atoms 
and trimethylated atoms, as well as bonds to SO3

- and PO3
2- groups 
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Table S1. Influence of hydrogen bond donors (Hdon), hydrogen bond acceptors (Hacc), the number 
of rotatable bonds (Nrot) and the calculated octanol-water partition coefficient (ClogP) on the Tm 
under the constraint that only the descriptors of interest is increased while the respective other 
descriptors remain constant. 

descriptors const ∆descra ∆Tm
b SDc signifd %<0e %>0f ng 

In-house 
Hdon Hacc, ClogP, Nrot 1.1 48 46 yes*** 16.7 80.6 36 
Hacc Hdon, ClogP, Nrot 1 36 45 yes* 18.8 81.3 16 
ClogP Hdon, Hacc, Nrot 0.5 3 40 no(0.14) 43.1 54.5 167 
Nrot Hdon, Hacc, ClogP 1.2 -21 36 yes*** 74.2 24.2 66 

Karthikeyan 
Hdon Hacc, ClogP, Nrot 1.1 30 61 yes* 28.0 70.0 50 
Hacc Hdon, ClogP, Nrot 1.7 19 51 yes*** 32.6 67.0 270 
ClogP Hdon, Hacc, Nrot 0.6 6 46 yes*** 41.3 58.0 828 
Nrot Hdon, Hacc, ClogP 2.0 -11 58 yes* 63.7 34.6 182 

a mean change of the descriptor of interest. b mean change of the Tm. c standard deviation of Tm 
changes. d significance, ‘yes’ if ∆Tm significantly deviates from zero (p<0.05), ‘no’ if ∆Tm does not 
significantly deviate from zero (p>0.05), p-values are classified (* p<0.05, ** p<0.001, *** p<0.0001) 
or written in brackets. e frequency Tm is decreased. f frequency Tm is increased. g number of MMPs 
	  
	  
	  

Figure S1. Box plots (left) and strip plots (right) of the Tm changes if the descriptor of interest 
(number of hydrogen bond donors (Hdon), number of hydrogen bond acceptors (Hacc), calculated 
octanol-water partition coefficient (ClogP), number of rotatable bonds (Nrot)) is increased while the 
respective other descriptors remain constant. In-house data are shown in red, Karthikeyan data are 
shown in blue. 
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Table S2. Influence of hydrogen bond donors (Hdon), hydrogen bond acceptors (Hacc) and the 
number of rotatable bonds (Nrot) on the Tm under the constraint that only the descriptor of interest is 
increased while the respective other descriptors, as well as the number of each halogen atom type 
(nX), remain constant. 

descriptors const ∆descra ∆Tm
b SDc signifd %<0e %>0f ng 

In-house 
Hdon Hacc, Nrot, nX 1.1 53 45 yes*** 13.5 82.7 52 
Hacc Hdon, Nrot, nX 1.0 22 38 yes*** 24.6 70.5 61 
Nrot Hdon, Hacc, nX 1.4 -24 39 yes*** 75.7 23.2 177 

Karthikeyan 
Hdon Hacc, Nrot, nX 1.1 33 59 yes*** 27.3 68.0 128 
Hacc Hdon, Nrot, nX 1.5 16 51 yes*** 35.8 63.6 505 
Nrot Hdon, Hacc, nX 2.1 -16 50 yes*** 67.5 31.5 495 

a mean change of the descriptor of interest. b mean change of the Tm. c standard deviation of Tm 
changes. d significance, ‘yes’ if ∆Tm significantly deviates from zero (p<0.05), ‘no’ if ∆Tm does not 
significantly deviate from zero (p>0.05), p-values are classified (* p<0.05, ** p<0.001, *** p<0.0001) 
or written in brackets. e frequency Tm is decreased. f frequency Tm is increased. g number of MMPs. 
	  
	  
	  

Figure S2. Box plots (left) and strip plots (right) of the Tm change if the descriptors of interest 
(number of hydrogen bond donors (Hdon), number of hydrogen bond acceptors (Hacc), number of 
rotatable bonds (Nrot)) is increased while the respective other descriptors, as well as the number of 
each halogen atom type, remain constant. In-house data are shown in red, Karthikeyan data are 
shown in blue. 
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Table S3. Influence on the Tm if the number of hydrogen bond donors (Hdon) and hydrogen bond 
acceptors (Hacc) is decreased and the number of rotatable bonds (Nrot) is increased while the 
number of each halogen atom type (nX) remains constant. 

descriptors const ∆Tm
a SDb signifc %<0d %>0e nf 

In-house 
Hdon↓ Hacc↓ Nrot↑ nX -63 27 yes* 100 0 4 

Karthikeyan 
Hdon↓ Hacc↓ Nrot↑ nX -57 61 yes*** 83.2 16.8 250 

a mean change of the Tm. b standard deviation of Tm changes. c significance, ‘yes’ if ∆Tm significantly 
deviates from zero (p<0.05), ‘no’ if ∆Tm does not significantly deviate from zero (p>0.05), p-values 
are classified (* p<0.05, ** p<0.001, *** p<0.0001) or written in brackets. d frequency Tm is 
decreased. e frequency Tm is increased. f number of MMPs. 
	  
	  
	  

Figure S3. Box plots (left) and strip plots (right) of the Tm changes if the number of hydrogen bond 
donors (Hdon) and hydrogen bond acceptors (Hacc) is decreased and the number of rotatable bonds 
(Nrot) is increased while the number of each halogen atom type remains constant. In-house data are 
shown in red, Karthikeyan data are shown in blue. 
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Table S4. Examples of MMPs of the Karthikeyan dataset where the addition of a hydrogen bond 
donor and/or hydrogen bond acceptor leads to a Tm decrease which can be rationalized by the 
formation of intra-molecular hydrogen bonds. 

QUERY HIT Tm(Q) a Tm(H) b ∆Tm
c ∆descrb 

  

195 98 -97 +1Hacc 

NO

OH

N

O

OH

  

237 177 -60 
+1Hdon 
+1Hacc 

a Tm of the QUERY compound.  b Tm of the HIT compound. c Tm change (Tm(H)-Tm(Q)). d change of 
descriptors (hydrogen bond donor (Hdon), hydrogen bond acceptor (Hacc )) 
 

NH2

Br

Br
NH2

Br

Br

O NO

OH

N

O

OH

OH
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Figure S4. a) Strip plots of the Tm changes if the descriptor of interest (number of hydrogen bond 
donors (Hdon), number of hydrogen bond acceptors (Hacc), calculated octanol-water partition 
coefficient (ClogP), number of rotatable bonds (Nrot)) is increased while the respective other 
descriptors, as well as the number of each halogen atom type, remain constant. b) Strip plots of the 
Tm changes if the descriptor of interest is increased exactly by one while the respective other 
descriptors, as well as the number of each halogen atom type, remain constant. c) Strip plots of the 
Tm changes if two descriptors of interest (out of hydrogen bond donors, hydrogen bond acceptors or 
the number of rotatable bonds) are changed exactly by one while the remaining descriptor, as well 
as the number of each halogen atom type, remains constant. d) Strip plots of the Tm changes if the 
number of one halogen atom type (F, Cl, Br, I) is increased while the number of the respective other 
halogen atom types, as well as the number of hydrogen bond donors, the number of hydrogen bond 
acceptors and the number of rotatable bonds, remains constant. In-house data are shown in red, 
Karthikeyan data are shown in blue. 
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