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Insights into the impact of N- and O-methylation on aqueous 

solubility and lipophilicity using matched molecular pair analysis  

T. J. Ritchie,*
a
 S. J. F. Macdonald*

b
 and S. D. Pickett

c 

The impact of N- and O-methylation on chromatographically measured lipophilicity and high throughput 

chemiluminescent nitrogen detection (CLND) aqueous solubility was studied using matched molecular pairs for data sets 

of amides, sulfonamides, ureas, carbamates, amines, carboxylic acids, alcohols and phenols. The extent to which solubility 

and lipophilicity are affected by N- or O-methylation is dependent on the nature of atoms and substituents around the 

nitrogen or oxygen atom. In some classes of amides, N-methylation unexpectedly increases solubility and lowers log D7.4 

considerably: this behaviour can be rationalised by conformational changes accompanying N-methylation that increase 

polar surface area, or by the disruption of one or more intramolecular hydrogen bonding motifs. Unlike amides, 

sulfonamide N-methylation always reduces solubility and increases lipophilicity, which again can be understood in terms of 

conformational effects. As expected, methylation of carboxylic acids lowers solubility and increases lipophilicity due to 

masking of the ionisable acidic group; however the magnitude of the reduction in solubility depends to some extent on the 

lipophilicity and molecular weight of the compound pairs under investigation.

 Introduction 

Matched molecular pair analysis (MMPA), the concept of 

which was introduced in 20051 has become a useful approach 

to investigate the effects of chemical transformations on 

various biological and physicochemical readouts, with 

algorithms now available to routinely fragment large data sets 

of compounds to generate useful MMP collections2-3. 

The results from MMP analyses have been reported by several 

groups and used to explore the impact of particular chemical 

transformations on physical properties and target assays 

relevant to drug discovery such as solubility,4-9 lipophilicity,6,8,9 

protein binding,4 membrane permeability,5,9 P-glycoprotein 

efflux,9 intrinsic clearance,9,10 hERG inhibition,5,6,9 metabolic 

stability10,11 CYP450 inhibition,5 and oral exposure.4 The most 

appropriate statistical measures to accompany such analyses 

have also been discussed recently,12 and the general topic has 

been reviewed.13-15 Advantages of MMP analyses are that 

measured data are used, it is generally easier to predict 

differences in the value of a property associated with a 

structural change than it is to predict the value of a property 

directly from molecular structure12 and the concept of 

chemical transformations where substituents are removed or 

added is well understood and frequently employed by 

medicinal chemists. The information generated from these 

studies is of considerable value to medicinal chemistry teams 

in lead optimisation programmes who are searching for novel 

analogues with an optimal balance of pharmacological potency 

and physicochemical properties. 

In the context of the work to be discussed here, MMPs have 

been used to highlight the effect of methylating heteroatoms 

on aqueous solubility and calculated lipophilicity. We were 

interested in understanding more about the reported unusual 

behaviour of secondary amides, where N-methylation 

appeared to increase aqueous solubility despite an increase in 

calculated lipophilicity (clog P).4 It was decided to conduct an 

MMP analysis on a larger set of nitrogen and oxygen 

heteroatom methylation substrates, whilst examining more 

closely the environment around each methylation site, and 

including chromatographically determined log D7.4 values16 

alongside the high throughput CLND aqueous solubility 

measurements,17 which are obtained by equilibrating a 5% 

dimethylsulfoxide (DMSO) solution (from a 10 mM stock 

solution) for one hour, filtering and then assaying the filtrate 

to determine the concentration of compound present. 

Thus the following sections explore the impact of N-

methylation on aqueous solubility and lipophilicity for a variety 

of functional groups (amide, sulfonamide, urea, carbamate and 

amine) and O-methylation substrates (carboxylic acids, 

alcohols and phenols). 
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Overview of dataset 

Experimental CLND solubility and chromatographic log D data 

were collated from GSK in-house data. MMPs were computed 

using the algorithm described by Hussain and Rea.2 Initially all 

pairs where a hydrogen atom is replaced with a methyl group 

were retrieved without specifying the type of atom that the 

hydrogen was attached to; subsequently substructure 

searches within this set were carried out to identify specific 

subsets describing the N- or O-methylation of primary and 

secondary amides, primary and secondary sulfonamides, ureas 

(methylation of first or second NH), carbamates, aliphatic 

amines, anilines and aromatic nitrogens (e.g. pyrrole NH), 

where the nitrogen substituent is transformed from hydrogen 

to methyl, carboxylic acids, phenols and aliphatic alcohols. The 

various substrate classes were identified by substructure 

searching using SMARTS.18 For each class of methylation 

substrate, the mean changes in solubility and lipophilicity were 

calculated together with the standard deviations, standard 

errors and 95% confidence intervals. A paired t test (for 

normally distributed values) or a signed-rank test (for non-

normally distributed values) were used (JMP® software19) to 

determine whether the observed changes in solubility and 

lipophilicity were significantly different from zero. 

To assess diversity within the MMP structures, molecules were 

clustered according to their fingerprint similarity as described 

by Gleeson et al5: all classes examined had at least 10 

structurally diverse clusters, except where the number of pairs 

was less than 10. 

Fig. 1 shows two representative examples of the type of 

results that are obtained: the change in CLND solubility and 

lipophilicity (log D) observed upon N-methylation of aromatic 

amides (i.e. amides derived from aromatic carboxylic acids and 

aromatic amines; left panel) and aromatic sulfonamides 

(derived from aromatic sulfonic acids and aromatic amines; 

right panel) are shown as box plots with distribution 

histograms. Compared to the reference line at zero (black 

horizontal line), N-methylation of aromatic amides increases 

solubility (mean +0.39 ± 0.86 Standard Deviations) and lowers 

log D (mean −0.42 ± 1.30; white solid lines in box plots) whilst 

N-methylation of aromatic sulfonamides lowers solubility 

(mean -0.42 ± 0.65) and increases log D (mean +1.11 ± 0.64). 

The plots also highlight the important point that the ‘spread’ 

or variance of the distributions from MMP analyses can vary 

depending on the particular methylation substrate: the 

experimental uncertainty in the chromatographic logD assay is 

estimated as being ± 0.25 log units but there is clearly a larger 

standard deviation and standard error associated with the 

change of log D for N-methylation of the amide pairs than for 

the sulfonamides. This may reflect more sensitivity towards 

the chemical environment (i.e. the substructural context) 

around the nitrogen atom in the former,12 or unusual 

structures that result in stronger effects that appear as 

outliers, for example due to conformational changes upon N-

methylation that change the way the partitioning system 

‘perceives’ the polar and non-polar regions of the molecule. 

Some examples of this type of behaviour will be discussed in 

more detail below. 

In some cases the number of pairs for particular methylations 

is low (less than 10) and it is important to bear in mind the 

statistical uncertainty that may surround such examples.12 In 

addition, observed changes in solubility and lipophilicity that 

are small in magnitude (between -0.25 and 0.25 log units) may 

be inconsequential even if they are found to be statistically 

significant, given the inherent experimental uncertainty 

associated with the in vitro assays. However, we choose to 

include such examples in a qualitative sense to avoid loss of 

information and to highlight methylation substrates that could 

be of more interest if additional pairs were available. 

 

 

Figure 1. Box plots and distribution histograms showing the change in CLND solubility 

(blue) and lipophilicity (pink) upon N-methylation of aromatic amides (left panel) and 

aromatic sulfonamides (right panel). An asterisk indicates that the changes are 

statistically significantly different (p<0.05) from zero (paired t test in JMP v.10).The 

large shaded box represents 50% of the data either side of the median value; the 

shaded vertical line represents the data range for all non-outlier values; the solid white 

horizontal line within each box indicates the mean change observed. The dotted white 

lines indicate the upper and lower limits of the 95% confidence interval, which is also 

shown as the black vertical bar to the right of each box. If the interval is completely 

above or below zero, there is 95% confidence that the structural change generally 

causes a change in the measured property.
13

 

Results and discussion 

N-methylation substrates 

N-methylation of amides 

It has been reported previously4 that there is an increase in log 

solubility upon N-methylation of secondary amides (+0.64 ± 

0.73, n=142) despite a concomitant increase in clog P (mean 

change +0.31); this was attributed to the disruption of crystal 

packing that the amide NH may be involved in, decreased 

rigidity and planarity resulting in increased conformational 

mobility, which all serve to increase thermodynamic aqueous 

solubility. The nature of the amide substituents (i.e. aliphatic 

or aromatic) was not reported in this study. The current data 

set of secondary amides suggests the same trend (log solubility 

change +0.17 ± 0.58, n=1372; log D change +0.29 ± 0.73, 
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n=1270), although the magnitude of the solubility effect is 

lower with the increased number of data points in this study 

than observed previously. By comparison, if one considers a 

generic methyl to ethyl change to be a ‘benchmark’ MMP 

methylation transformation, the log changes in solubility and 

lipophilicity that result are −0.12 ± 0.45 (n=2639) and +0.57 ± 

0.33 (n=2425) respectively. It should be borne in mind that the 

previous study measures thermodynamic solubility (agitation 

of compounds in 0.1 M phosphate buffer at pH 7.4 for 24 h at 

25 °C) rather than kinetic solubility from a DMSO solution 

reported here. This may explain the difference in magnitude 

between the two sets with respect to the change in solubility, 

as the kinetic method does not take into account any solid 

state effects such as a reduction in lattice energy that may 

accompany the N-methylation of amides. 

Using more specific SMARTS queries the secondary amides 

were separated into four classes based on whether the 

substituents on the carbonyl and amine components are 

aromatic or aliphatic highlight differences in the effect of N-

methylation (see Fig. 2): amides derived from aliphatic acids 

show a small increase in solubility and higher log D upon N-

methylation, whereas amides from aromatic acids exhibit a 

more pronounced solubility increase and less impact on log D. 

In the case of amides comprised of aromatic acids and anilines, 

log D decreases significantly (−0.42 ± 1.30, n=98): in this subset 

of amide structures, it is known that there is a strong 

preference for the E-(cis)-amide configuration to be populated 

upon N-methylation20,21, observed both in molecular modelling 

studies with model systems and small molecule crystal 

structures from the Cambridge Crystallographic Database 

(release 2013);22 the mean change in C-C-N-C torsion in N-

phenylbenzamide crystal structures upon N-methylation is 

considerable (from 175.1 ± 11.7 degrees (n=622) to 29.0 ± 43.1 

degrees (n=256)), reflecting the switch from Z-(trans) to E-

amide geometry. Modelling studies with the model systems N-

phenylbenzamide and N-methyl-N-phenylbenzamide (see Fig. 

3) using the MOE software23 (v.2012.10; MMFF94x 

forcefield24) suggests that the loss of planarity actually 

increases water-accessible polar surface area (from 39.6 to 

52.9 Å2), which leads to higher solubility and lower lipophilicity 

despite the loss of the polar NH and addition of a hydrophobic 

methyl group. This is consistent with a previous MMP study 

that demonstrated that the N-methylation of benzanilides 

increases aqueous solubility more significantly than other 

types of secondary amide due to the stability of the cis-amide 

conformation.25 In a medicinal chemistry setting, this would 

suggest that tertiary benzamides have advantages over 

secondary congeners, for example in library design, being 

more soluble and more 3-dimensional in shape. However due 

to the conformational change upon N-methylation, biological 

activity is likely to be compromised if the secondary trans 

amide is part of an important pharmacophore.26 N-

Methylating primary aromatic amides has little effect on 

solubility (+0.07 ± 0.51, n=410) and increases lipophilicity 

(+0.45 ± 0.39, n=387); primary aliphatic amides behave 

similarly (solubility change +0.11 ± 0.42, n=140; logD change 

+0.35 ± 0.40, n=132). 

 
Figure 2. Impact on solubility (blue) and lipophilicity (pink) for various classes of amides after N-methylation. Ar = aromatic substituent; Alk = aliphatic substituent. An asterisk 

indicates that the changes are statistically significantly (p<0.05) different from zero (paired t test in JMP v.10). For an explanation of the box plot format see Fig. 1

It has been reported that the N-methylation of cyclic 

secondary amides does not increase solubility to the same 

extent as acyclic amides due to the cis-amide geometry 

enforced by the cyclic constraint.25 This behaviour was 

confirmed in the current data set, particularly for amides 

derived from aromatic acids or anilines: N-methylation of 

cyclic amides has little effect on solubility (−0.04 ± 0.46, n=169) 

whereas N-methylation of acyclic amides increases solubility 

(+0.28 ± 0.62, n=778). The increase in log D is more 

pronounced in cyclic amides (+0.71 ± 0.48, n=167) relative to 

acyclic amides (+0.07 ± 0.79, n=717). Thus it appears that N-

methylation of cyclic amides does not induce a conformational 
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change and more simply reflects the replacement of a polar 

hydrogen with a hydrophobic methyl group.  

N-methylation of amides containing intramolecular H-bonding 

motifs 

Molecules possessing H-bond acceptor and donor 

functionalities in particular orientations and proximities are 

often capable of forming intramolecular H-bonds (IMHBs). This 

structural class has received attention recently due to the 

observed impact of such interactions on conformational bias 

and physical properties such as membrane permeability, 

protein binding, aqueous solubility and lipophilicity.27-34 

 

Figure 3. Change in conformational preference and water-accessible polar surface 

area upon N-methylation of N-phenylbenzamide. Stochastic conformer search carried 

out in MOE v.2012.10 using the MMFF94x forcefield. The amide C-C-N-C torsion angle 

is shown in green. PSA = Total water-accessible polar surface area calculated in MOE 

(ASA_P descriptor). 

Several IMHB motifs involve the interaction between an amide 

NH and a suitable acceptor atom nearby, which can be a 

carbonyl group, an aromatic nitrogen atom, an ether oxygen or 

a fluorine atom (six representative examples are shown in Fig. 

4). Small molecule crystal structures indicate that in the 

majority of cases the often planar conformations that are 

observed with such motifs reflect such intramolecular 

interactions, and one might expect that the N-methylation of 

such amides would disrupt the IMHBs and display solubility 

and lipophilicity changes that are different from the norm. 

 

Figure 4. Six amide substructures involved in intramolecular interactions with other 

atoms. The first column contains six amide substructures that commonly form 

intramolecular interactions between the amide NH and a neighbouring H-bond 

acceptor atom; second and third columns show a representative crystal structure 

illustrating the interactions and its reference code; the fourth column describes the 

SMARTS queries used to identify examples in the MMP data set. 

The MMP acyclic amide data set was searched for these 

particular IMHB motifs using SMARTS strings and the effect of 

amide N-methylation on solubility and log D examined relative 

to other amides that did not possess internal H-bonds. 

Because the IMHB motifs above all contain aromatic 

substituents, amides derived from both aliphatic acids and 

aliphatic amines are obviously excluded in this case. The 

number of structures in the data set with the six types of IMHB 

discussed above was relatively small (19% of the total), but 

some interesting behaviour was seen in these derivatives. N-

methylation of amides without IMHBs produces a moderate 

increase in both solubility (+0.27 ± 0.56, n=674) and log D 

(+0.22  ± 0.51, n=618) but in all the IMHB classes involving 

oxygen or nitrogen acceptors log D decreases upon N-

methylation, although the magnitude of this effect depends on 

the type of IMHB (Fig. 5). Relatively few examples of the 

fluorine-containing IMHBs are available, so definitive 

conclusions cannot be made but the impact on solubility and 

lipophilicity appears smaller than in the other IMHB classes, 

perhaps reflecting the relatively weak nature of an aromatic 

fluorine atom as a hydrogen bond acceptor.42    

In one particular case, albeit involving only a few pairs of 

molecules related to Linomide (roquinimex; lower structure in 

Fig. 6), log D decreases by -5.05 ± 3.00 (n=4) log units with a 

concomitant solubility change of +1.44 ± 1.32 (n=5) log units 

(Fig. 5, second panel from left). Log D changes of this 

magnitude prompted the retesting of the compounds 

involved, which confirmed that this behaviour was genuine. 

Such a gross change in lipophilicity can in part be explained by 
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inspection of the structures involved: in three of the four cases 

the amide is in fact involved in two distinct internal 

interactions, where the amide NH is hydrogen bonded to the 

pyridone carbonyl and the amide carbonyl interacts with the 

adjacent phenolic OH donor group (an interaction that is 

known to increase lipophilicity).43 This results in an essentially 

rigid, planar structure where the polar functionality is masked 

(an example is the top structure shown in Fig. 6) and results in 

high lipophilicity (the average chromatographic log D values 

for these structures is 6.78 ± 2.06). Solubility is presumably 

also compromised by the rigid, planar structure. N-methylation 

perturbs both internal H-bonds by forcing the amide out-of-

plane and exposing the remaining polar functionality resulting 

in the substantial decrease in lipophilicity. This phenomenon 

can be illustrated by the two closely related crystal structures 

shown in Fig. 6: the CSD-VIQFUX44 structure exemplifies the 

completely flat conformation and the two internal polar 

interactions; the N-methyl derivative CSD-BEHDUO45 

crystallises as the cis-amide where both IMHBs and the 

planarity have been destroyed. Modelling studies with these 

structures confirmed that the water-accessible polar surface 

area (calculated in MOE) is considerably higher in the N-methyl 

analogue (134.79 Å2) than in the N-H analogue (113.34 Å2). 

Whilst this is a specific case, it serves as a reminder that under 

the right circumstances a small change in structure such as a 

methylation can result in profound changes in conformation 

and in physical properties.

 

 
Figure 5. Impact on solubility and lipophilicity for various classes of amides containing intramolecular H-bonding motifs upon N-methylation. An asterisk indicates that the 

changes are statistically significantly (p<0.05) different from the mean values of amides with no IMHBs (Tukey-Kramer ANOVA, TIBCO Spotfire v.6.0.141). For an explanation of the 

box plot format see Fig. 1. 

 
Figure 6. The disruption of intramolecular H-bonding by amide N-methylation. Crystal 

structures of two closely related pyridones illustrating the conformational change 

brought about by amide N-methylation leading to increased polar surface area. 

N-methylation of sulfonamides 

In contrast to amides, the N-methylation of sulfonamides 

results in more expected behaviour, with an increase in log D 

and decrease in solubility. There are some differences 

depending on whether they are derived from aromatic or 

aliphatic sulfonic acids and aliphatic or aromatic amines (Fig. 

7), but these are not significantly different from one another. 

This behaviour can again be rationalised by conformational 

analysis: N-methylation of sulfonamides has little impact on 

conformation, with the C-S-N-C torsion in N-

phenylbenzenesulfonamides changing from 64.14 ± 10.64 

degrees (n=725) to 81.12 ± 18.98 (n=117) in small molecule 

crystal structures. N-methylation of aromatic sulfonamides 

decreases polar surface area and hence increases lipophilicity 

and decreases solubility. Furthermore, in some cases the 

sulfonamide NH group has some acidic character and is 

partially deprotonated at pH 7.4 so subsequent N-methylation 

will also increase lipophilicity and lower solubility due to the 

loss of such a solubilising moiety. This is evidenced by the 

larger change in chromatographic log D and solubility for the 

Ar-SO2-NH-Ar class. N-methylation of primary aliphatic and 

aromatic sulfonamides had a lesser impact on solubility (-0.09 

± 0.35, n=9 and -0.10 ± 0.54, n=65 respectively) and 

lipophilicity (+0.28 ± 0.45, n=5 and +0.67 ± 0.19, n=60 

respectively) than secondary sulfonamides. 
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Figure 7. Impact on solubility and lipophilicity for various classes of sulfonamides after N-methylation. Ar = aromatic substituent; Alk = aliphatic substituent. An asterisk indicates 

that the changes are statistically significantly (p<0.05) different from zero (paired t test in JMP v.10). For an explanation of the box plot format see Fig. 1.

This secondary amide/sulfonamide disparity can be further 

illustrated by examining the behaviour of MMPs where an 

amide moiety is replaced with a sulfonamide. When the N-H is 

present, there is little impact on log solubility (+0.10 ± 0.64, 

n=1009) or log D (+0.12 ± 0.79, n=1227) when a -CONH- group 

is replaced by -SO2NH-. However, the -CON(CH3)- to -

SO2N(CH3)- transform results in a significant decrease in log 

solubility (−0.52 ± 0.62, n=117) and increase in log D (+0.89 ± 

0.56, n=153), due to the increased polarity of the N-methyl 

amide relative to the N-methyl sulfonamide. 

N-methylation of ureas and carbamates 

The analysis of MMPs for urea N-methylation (of either the 

first or second NH) was hampered by the limited number of 

example pairs in some cases. N-methylation of ureas derived 

from anilines appears to increase solubility considerably, even 

more so than observed for amides but due to the small 

number of pairs these effects do not reach significance (Fig. 8). 

Aromatic ureas appear to behave differently to aliphatic ureas 

upon N-methylation, but more matched pairs would be 

required to confirm this. Modelling studies suggest that the 

first N-methylation of aromatic ureas increases conformational 

freedom, and encourages a switch from trans to cis amide 

geometry. Water accessible polar surface area does not 

change significantly in this case. 
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Figure 8. Impact on solubility and lipophilicity for various classes of ureas after N-methylation.  Ar = aromatic substituent; Alk = aliphatic substituent; R = either aromatic or 

aliphatic substituent. An asterisk indicates that the changes are statistically significantly (p<0.05) different from zero (paired t test in JMP v.10). For an explanation of the box plot 

format see Fig. 1. 

Methylation of one nitrogen of ureas derived from aliphatic 

amines increases solubility (+0.36 ± 0.46, n=18) despite 

increasing log D (+0.62 ± 0.35, n=17), however methylation of 

the second nitrogen does not affect solubility (−0.02 ± 0.45, 

n=57) and increases log D (+0.69 ± 0.31, n=55). In this case, the 

distribution of pairs describing the change in log D is not 

normal (Fig. 8, far right panel, pink plot), being bimodal in 

nature. Upon inspection, the group of pairs with a greater than 

average increase in log D tend to be of higher lipophilicity and 

higher molecular weight (MW) than the pairs with a less than 

average change in log D. In fact there is a reasonable 

correlation between the log D of the methylated urea and the 

change in log D upon methylation (r = 0.777; r2 = 0.603) and to 

a lesser extent with the MW of the urea and change in log D (r 

= 0.428; r2 = 0.183) for this set (MW and log D are also 

correlated with each other (r = 0.401; r2 = 0.161)). To our 

knowledge such an interdependence between the observed 

change in a property and the gross properties of the molecules 

has not been reported previously in MMP analyses. 

Methylation of the nitrogen in carbamates has little effect on 

solubility (−0.09 ± 0.40, n=50) but increases log D (+0.58 ± 

0.52, n=40). Modelling studies with phenyl N-phenylcarbamate 

and phenyl N-methyl-N-phenylcarbamate suggest that the 

lowest energy structures have the same conformation. 

N-methylation of amines 

Secondary amines were categorised as having either two 

aromatic substituents, two aliphatic substituents, one of each, 

or being part of an aromatic system (e.g. pyrrole NH). In all 

cases, N-methylation has little impact on solubility (Fig. 9). Log 

D increases in all cases, but less so in the case of amines with 

two aromatic substituents or part of an aromatic ring. One 

might expect to observe a change in the amine nitrogen pKa 

upon N-methylation of a secondary dialkylamine to afford a 

tertiary amine, which was investigated using calculated and 

measured (where available) pKa values for the pairs in 

question. There was a consistent reduction in calculated 

basicity of 1.10 ± 0.65 units for the amine nitrogen upon 

methylation;46,47 but this does not appear to have an impact 

on aqueous solubility. Similar reductions in basicity are seen 

after N-methylation of the simple secondary amines piperidine 

(pKa 11.22) and morpholine (pKa 8.36) resulting in a reduction 

in pKa of 1.14 (to 10.08) and 0.95 (to 7.41) respectively.48 In 

the case of dialkylamine pairs the standard deviation of the 

distribution of log D change is somewhat higher than for 

aromatic amines and is skewed towards lower than average 

values (Fig. 9, right hand panel, pink plot). Inspection of the 

calculated pKa values suggest that this is due to the most basic 

amines (pKa >10), which tend to exhibit less than the average 

change in log D upon methylation (+0.45 ± 0.59, n=251). A box 

plot showing this effect in more detail is available in the 

Supporting Information.  
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Figure 9. Impact on solubility and lipophilicity for various classes of amines after N-methylation. Ar = aromatic substituent; Alk = aliphatic substituent. AromNH = pairs where the 

nitrogen atom is part of an aromatic ring. An asterisk indicates that the changes are statistically significantly (p<0.05) different from zero (paired t test in JMP v.10). For an 

explanation of the box plot format see Fig. 1.

O-methylation substrates 

Solubility and log D data were collected for MMP pairs of 

aromatic and aliphatic carboxylic acids, phenols and alcohols.  

O-methylation of carboxylic acids 

As would be expected, the methylation of a carboxyl group 

results in a significant increase in log D and a concomitant 

decrease in solubility due to the masking of the acidic ionisable 

centre. There is a small but significant difference observed 

between aromatic and aliphatic acids with solubility 

decreasing by −0.94 ± 0.86 (n=505) and −0.64 ± 0.78 (n=349) 

log units, and log D increasing by +3.36 ± 0.97 (n=475) and 

+3.02 ± 1.07 (n=314) log units respectively (see Fig. 10).  

In the case of aliphatic acids and the change in solubility upon 

methylation it was noted that the distribution of pairs is not 

normal, instead forming a bimodal distribution of two groups 

either side of the mean value (Fig.10 far right panel, blue plot). 

As found with the alkyl ureas, this behaviour appears to be 

dependent on the physicochemical properties of the acids: the 

pairs with a greater than average decrease in solubility tend to 

be of higher molecular weight (MW) and higher lipophilicity 

than the pairs with a less than average change in solubility. 

There is some correlation between log D and change in 

solubility (r = 0.560; r2 = 0.309) and MW and change in 

solubility (r = 0.409; r2 = 0.175) for this set (note that MW and 

log D are also correlated with each other (r = 0.591; r2 = 0.350). 

Acidic pKa values were calculated for the carboxylic acid-

containing compounds and there is no correlation between 

these and MW, log D or change in solubility.; thus low 

molecular weight (109-400) acids can accommodate O-

methylation with less impact on solubility (mean change −0.36 

± 0.70, n=153), whereas the solubility of higher molecular 

weight (400-909) acids decreases more significantly (mean 

−0.87 ± 0.78, n=196). Similarly, the solubility change upon 

methylation for low log D (<2) acids (mean −0.21 ± 0.58, 

n=165) is much less than for higher log D (>2) acids (mean 

−0.91 ± 0.79, n=219). A box plot showing this effect in more 

detail is available in the Supporting Information. One 

explanation is that the solubility of a large lipophilic acid is 

driven predominantly by the ionised carboxyl group, which 

when masked, causes a large decrease in solubility; a small, 

polar acid possesses additional solubilising features, which can 

still retain some solubility when the carboxylic acid moiety is 

blocked.  
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Figure 10. Impact on solubility and lipophilicity for carboxylic acids, phenols and alcohols after O-methylation. Ar = aromatic substituent; Alk = aliphatic substituent. An asterisk 

indicates that the changes are statistically significantly (p<0.05) different from zero (paired t test in JMP v.10). For an explanation of the box plot format see Fig. 1.

 

O-methylation of phenols and alcohols 

The O-methylation of phenols and alcohols results in identical 

behaviour with respect to changes in solubility and 

lipophilicity: the solubility of phenols decreases by −0.21 ± 0.65 

log units (n=964); for alcohols the decrease is −0.19 ± 0.49 

(n=610). Log D increases by +1.13 ± 0.94 (n=883) for phenols 

and +1.14 ± 0.66 (n=590) for alcohols. The observed behaviour 

of phenols is similar to the results previously reported4 (Log 

solubility change −0.22 ± 0.84; n=17) but in this earlier study 

alcohols did not show any change in solubility (Log solubility 

change −0.01 ± 0.68; n=203). 

As discussed above with regard to IMHB motifs, it was noted 

that O-methylation of phenols that are able to interact with an 

ortho carbonyl group results in a much smaller increase in log 

D (+0.12 ± 1.06, n=57), although the change in solubility was 

similar to other phenols (−0.14 ± 0.76, n=59). 

Summary and conclusions 

 This analysis confirms the previous reports4,25 that the N-

methylation of amides tends to increase solubility despite 

increasing lipophilicity, but reveals that the impact of N-

methylation of amides on aqueous solubility and lipophilicity 

varies considerably depending on a) the type of substituent 

(aromatic or aliphatic) attached to the amide, b) whether the 

amide is cyclic or acyclic25, and c) whether the amide NH and 

carbonyl groups are involved in intramolecular H-bonds. By 

perturbing the rigid, planar nature of secondary aromatic 

amides, N-methylation decreases lipophilicity by increasing the 

overall water-accessible polar surface area. The reduction in 

log D observed in some cases may be rationalised by 

conformational changes upon methylation, and is supported 

by molecular modelling studies and crystal structure 

information. 

Although the number of MMP examples is relatively low, the 

N-methylation of amides that result in the disruption of IMHBs 

(via the amide NH or carbonyl or both) appears to increase 

solubility and lower log D more than expected, and in 

particular cases the impact can be dramatic when more than 

one intramolecular interaction is interrupted. Although in this 

article the study of the effect of IMHBs on solubility and 

lipophilicity has focused primarily on amides substructures, 

one might expect to observe similar behaviour in molecules 

where there are other suitable structural features that can 

form intramolecular interactions. 

N-methylation of ureas also appears to increase solubility 

considerably in some cases but more example pairs would be 

required to confirm this behaviour. In the case of alkyl ureas, 

the extent to which N-methylation of the second urea nitrogen 
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affects log D appears to depend on the lipophilicity and MW of 

the ureas. 

In contrast to amides, sulfonamide N-methylation generally 

lowers solubility and increases lipophilicity. This behaviour 

could again be rationalised by the differing conformational 

preferences of sulfonamides vs. amides. 

N-methylation of aliphatic and aromatic secondary amines has 

little impact on solubility. Log D increases but less so with 

amines with two aromatic substituents. The increase in log D 

upon methylation of strongly basic dialkylamines is less than 

the average. 

With respect to O-methylation, masking a carboxylic acid 

significantly increases log D leading to a significant lowering of 

solubility. In the case of alkyl acids, as found with the alkyl 

ureas and change in log D, the impact on solubility depends on 

the gross molecular properties of the pairs involved such as 

molecular weight and lipophilicity. Lower molecular weight 

acids or those with lower chromatographic log D could 

accommodate O-methylation with less impact on solubility. 

This is an important observation with regard to the generation 

of esters as potential prodrugs. 

The O-methylation of both phenols and alcohols results in a 

modest decrease in solubility and larger increase in 

lipophilicity. O-methylation of phenols engaged in an IMHB to 

an adjacent carbonyl group produced a smaller effect on 

lipophilicity. 

As pointed out previously5,25 the current study re-emphasises 

the importance of the local chemical environment around the 

methylation heteroatom in MMP analyses: reporting a change 

in solubility or lipophilicity for classes of molecules that are too 

generic may be misleading if a chemistry project is focused on 

structural frameworks that happen to behave differently from 

the norm, such as in the case of benzanilides and cyclic vs. 

acyclic amides.25 This highlights the need to provide MMP data 

in a format that allows searching for specific chemical queries 

that are most relevant to the project in question. As pointed 

out recently, large standard deviations associated with MMP 

transformations suggest that further refinement may be 

necessary to understand more about the chemical 

environment around the transformation.12 For example one 

could examine the individual chemotypes obtained by 

clustering to determine which structures exhibit unusual 

behaviour. However in doing so one runs the risk of having too 

few examples left from which to glean information with any 

confidence. Thus there is always a trade-off between 

specificity and generality that must be borne in mind, as 

discussed previously.6,13,14 

Fig. 11 summarises the changes in solubility and lipophilicity 

upon N-methylation for the various compound classes 

discussed in this study. From this plot, it may appear logical to 

equate a reduction in aqueous solubility with an increase in 

lipophilicity and this observation has been made by several 

groups using MMP analysis on, for example, the impact of 

various substituents on solubility and lipophilicity.4,5 However 

it is important to remember that whilst plots such as Fig. 11 

are an appropriate way to present the relationship between 

the average changes in solubility and lipophilicity for the 

various classes of N-methylation substrate, plots using 

averaged data may suffer from correlation inflation49 and 

should not necessarily be interpreted as suggesting that there 

is a strong correlation between change in solubility and change 

in lipophilicity; if one fits a straight line to the mean data in Fig. 

11, the correlation between change in solubility and change in 

lipophilicity appears robust (r2 = 0.722, n=21), however if all 

the underlying data points are included the correlation is in 

fact very low (r2 = 0.062; n=5173). That is not to say that 

lipophilicity does not play a role in solubility: if one plots the 

actual solubilities of all the N-methylated compounds against 

their measured lipophilicities there is some correlation (r2 = 

0.317, n=5173). Whilst the overall correlation between change 

in solubility and change in lipophilicity is low across the entire 

data set, there are some differences between the N-

methylation classes: the highest correlations are observed in 

the sets of aromatic sulfonamides (Ar-SO2NH-Ar; r2 = 0.284) 

and aromatic amides (Ar-CONH-Ar; r2 = 0.148); the lowest 

were observed for alkyl ureas (Alk-NR-CONH-Alk; r2 = 0.000) 

and aromatic primary amides (Ar-CONH2; r2 = 0.000). 

 

 

Figure 11. Scatter plot summarising the impact of N-methylation on aqueous 

solubility and lipophilicity for a variety of substrates. Points represent the mean 

changes observed for each class of methylation substrate, which are coloured and 

shaped by class. Error bars indicate the standard error of the mean. Ar = aromatic 

substituent; Alk = aliphatic substituent; R = either aromatic or aliphatic substituent. 
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Graphical Abstract 

The impact of N- and O-methylation on aqueous solubility and measured lipophilicity for several 

chemically diverse structural classes is described. 
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