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ABSTRACT: The replacement of oxygenated functionality (hydroxy, alkoxy) with a fluorine atom is a commonly used bioisosteric
replacement in medicinal chemistry. In this paper we use Molecular Matched Pair Analysis to better understand the effects of this
replacement on lipophilicity. It seems that the reduced log P of the oxygenated compound is normally dominant in determining the size of
this difference. We observe that the presence of additional electron-donating groups on an aromatic ring generally increase the difference in
lipophilicity between an oxygenated compound and its fluorinated analogue, whilst electron-withdrawing groups lead to smaller differences.
Ortho-substituted compounds generally display a reduced difference in log P compared to para- and meta- substituted compounds,
particularly if an ortho-substituent can form an intramolecular hydrogen bond. Hydrogen-bond acceptors remote to an aromatic ring

containing fluorine / oxygen can also reduce the difference in log P between oxygen and fluorine-substituted compounds.

Introduction

During a lead optimization process, medicinal chemists routinely
switch simple functional groups for alternatives to establish what
effect these substitutions have on drug activity and properties.
Some of these changes are known to have relatively little effect on
biological activity on many occasions, and are known as bioisosteric
replacements.’

One of the most important bioisosteric replacements that
medicinal chemists make during a lead optimization program is the
replacement of oxygenated functionality (often a hydroxy or
methoxy group on an aromatic ring) with a fluorine atom." 2
Fluorine is one of the most important elements in drug design; its
high electronegativity can be used to modulate parameters ranging
from the binding of a drug to its target, to acidity, and the charge
state of a drug under physiological conditions.”” Fluorine and
oxygen are similar in size, and both are highly electronegative,
giving them similar properties in many ways. However,
transformation of a hydroxyl group to a fluorine atom leads to the
loss of a hydrogen-bond donor, and fluorine’s extreme
electronegativity means that it has very low polarizability compared
to oxygen.

A key reason that chemists may choose to replace oxygenated
functionality with a fluorine atom is in blocking unwanted
metabolic processes.® Electron-rich aromatic rings such as phenols
and anisoles are particularly susceptible to oxidative metabolism.
Replacement of these groups with a fluorine atom can block these
processes. One example of this was seen during a study on the
optimization of the antimalarial amodiaquine (Scheme 1).°
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Scheme 1: Comparing the pharmaceutical behavior of

hydroxy- and fluoro-substituted compounds

The parent hydroxy compound (amodiaquine) was highly
susceptible to metabolic oxidation, often forming toxic quinone
byproducts. Replacement of hydroxy with fluorine prevented these
metabolic processes, whilst maintaining similar activity (ICso (OH)
=20nM, ICso (F) = 40 nM).

However, the replacement of oxygenated functionality with a
fluorine atom may lead to a change in the physicochemical
properties of a molecule, in particular its lipophilicity. Lipophilicity
plays a key role in drug design; not only does it play a key role in
biodistribution of a drug, but is also of great importance to factors

such as potency, metabolic clearance and toxicology.'**?

The effect of fluorination on lipophilicity is fairly complex and
not always well-understood. In general, fluorination of an aromatic
ring with either a single fluorine atom or a perfluoroalkyl group
(e.g. CFs group) leads to an increase in lipophilicity relative to
hydrogen at the same position. However, evidence is also



beginning to emerge that partial fluorination of alkyl groups can be
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used to successfully reduce lipophilicity.

Alcohol- and ether-based functionality generally reduce the
lipophilicity of a compound relative to a hydrogen at the same
position. Therefore, the bioisosteric replacement of an aromatic
hydroxy or methoxy group with a fluorine atom would therefore be
expected to lead to an increase in lipophilicity. However, the
magnitude of this increase is poorly understood, as is how other
functional groups that are present in a molecule may affect this
magnitude. Medicinal chemists who are making oxygen to fluorine
bioisosteric replacements need to understand the effects this
replacement will have on the physicochemical properties of a
molecule, particularly lipophilicity because of the key role it plays in
biodistribution, metabolism and binding. As part of an interest in

the chemistry of fluorinated aromatic compounds,**'

in this paper
we will describe how structural features in a drug-like molecule may
affect the change in lipophilicity on transformation of an aromatic

hydroxy or methoxy group to a fluorine atom.

Results and Discussion

We chose to take a Molecular Matched Pairs Analysis (MMPA)
approach to understanding this problem.*”** Several databases
(including the Reaxys, OCHEM and PhysProp databases) were
searched for pairs of molecules where lipophilicity values were
known for either both an OH-containing and F-containing
aromatic ring, or an OCH:-containing and F-containing aromatic
ring, and the lipophilicity values and structures recorded. This data
relied heavily on previous work by Hansch and Sangster among
others, who determined accurate log P values (normally using a
shake-flask method) for a broad range of compounds.®*** In
addition, we ourselves determined, using an HPLC method,"® %> %
log P values for a range of simple substituted aromatic systems
where these were not available in the literature.

The OCHEM database showed 1287 examples of replacement of
OH to F, as well as 6574 examples of an OCHj to F matched pair,
showing that this is a common bioisosteric replacement. However,
the majority of these pairs did not have lipophilicity data and our
continuing analysis only includes those where log P data was
available for both O and F compounds within a matched pair.

Figure 1 shows histograms representing the difference in log P
between a fluorinated aromatic compound and its hydroxylated or
methoxylated matched pair. They show that for the sample of 127
matched pairs studied, 114 showed an increase in lipophilicity on
conversion of a hydroxy group to a fluorine atom, with the mean
and median increases both being +0.57 log P units (Figure la).
However, the change in log P on conversion of a hydroxy group to a
fluorine atom ranged from -0.74 to +1.64, demonstrating the wide
variability on the effect on lipophilicity upon this bioisosteric
replacement, and indeed, 13 of the studied compounds in fact
showed a decrease in log P on conversion from a hydroxyl group to
a fluorine atom.
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Figure 1: Histograms showing the difference in log P between (a)
F — OH matched pairs; (b) F - OCH3 matched pairs

The situation was further nuanced when comparing a methoxy
compound to its fluorinated matched pair (Figure 1b). Of the 133
matched pairs studied, 97 showed an increase in log P on
fluorination, with a mean increase of +0.09 log P units, and median
increase of +0.13 log P units. The change in log P on conversion of
a methoxy group to a fluorine atom ranged from -1.08 to +0.63.
The smaller increase in log P of methoxy compounds relative to
hydroxy compounds is likely to be reflective of the increased
lipophilicity of a methoxy group compared to a hydroxy group. 36
of our compounds showed a decrease in log P on transformation of
a methoxy group to a fluorine atom, around 25% of the sample.

We then sought to better understand these observations, in
particular why sometimes increases or decreases in log P occurred
within a matched pair, and why this magnitude differed. We first
chose to analyze a series of simple disubstituted aromatic systems;
matched pairs containing a fluorine atom and either a hydroxy or
methoxy group, with another functional group at the ortho, meta or
para position. The functional groups were chosen to cover a broad
range of electron-withdrawing / donating, polar / non-polar, and
hydrophobic / hydrophilic functionality. Where lipophilicity data
for a compound in our series was not available reliably in the
literature, we determined log P values experimentally using an
HPLC method. Information on which values were obtained from
literature sources and which were experimentally determined is

given in the Supporting Information.'®***
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Figure 2: Differences in log P for monosubstituted fluoro and hydroxy compounds

To validate our experimentally-determined results we obtained a
log P value for 8 compounds of known log P using our HPLC
method, and compared this to the known literature value. This
allowed us to estimate a mean error of +0.08 log P units on our
experimentally determined values (see Supporting Information for
more details).

The results of this analysis are shown in Figures 2 and 3. Figure 2
shows the difference in log P between an aromatic ring containing a
fluorine atom or hydroxyl group, and a single other substituent at
either the ortho, meta or para positions (see Supporting
details determined

Information for of which values we

experimentally, and which were available in the literature). These
showed that, as expected, within a F/OH matched pair fluorination
led to an increase in lipophilicity for the majority of functional
groups. Interestingly however, a trend was observed in the kinds of
functional group which lead to the largest increase in log P.
Electron-donating groups such as OH, NH,, OMe and NHCOR
lead to the largest increases in Alog P on replacement of a phenol
with a fluorine atom, often around +0.75 to +1.2 log P units.
Acetylation of these nitrogen or oxygen substituents attenuated this
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Figure 4: Plots of log P difference against substituent 0-values for a) para- and b) meta- substituents
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effect slightly (compare e.g. p-OH 20-para Alog P = +1.18 to p-
OAc 14-para Alog P = 0.59), with the effect being smaller for
nitrogen than oxygen (e.g compare p-NH, 19-para Alog P = +1.11
to p-NHAc 18-para Alog P = +1.01).

At the other end of the scale, electron-withdrawing groups such
as carbonyl groups, and halogen atoms, lead to moderate increases
in log P (+0.2 - +0.6 log P units), whilst stronger electron
withdrawing groups including nitro, trifluoromethyl and cyano
groups led to the smallest increases or even decreases in log P on
fluorination (Alog P -0.1 - +0.3).

Whilst meta- and para-substituted compounds generally showed
similar results, some interesting differences were observed amongst
the ortho-substituted compounds. In general, for ortho-substituted
compounds, the difference in log P between a fluorinated
compound and its hydroxylated analogue was smaller for the large
majority of substituents, compared to a meta- or para-substituted
compound. The range in Alog P for ortho compounds was -0.7 to
+0.8 log P units, compared to -0.1 to +1.2 log P units for meta- and
para-substituted compounds. Compounds substituted with an
ester, amide or carboxylic acid at the ortho position actually showed
significant decreases in log P on fluorination, of generally around -
0.7 to -0.5 log P units.

We then repeated this analysis to compare fluorine- and
methoxy-substituted molecular matched pairs (Figure 3). Whilst
overall magnitudes of log P changes were generally smaller within a
matched pair for methoxy systems, a similar order of substituent
effects was observed. Amine, alcohol and ether-based functionality
showed the largest increases in log P (Alog P approximately +0.25
to +0.5), and carbonyl, nitro and halogen-based functional groups
showed either a decrease or a very small increase in log P on

fluorination (Alog P approx. -0.25 to + 0.2 in general).

This order of functional groups clearly suggested that electron-
donating / withdrawing character of a distant functional group on
an aromatic ring was playing a key role in the difference in log P
between fluorinated and oxygenated bioisosteres. To confirm this,
we plotted the difference in log P against the Hammett o-value of
the substituent (Figure 4). This gave a moderate linear negative
correlation showing that as o-values became more negative, the
difference in log P increased. However, 1* values of only
approximately 0.7 showed that these two variables were only
moderately correlated, and that the situation was likely to be more
complicated than a simple analysis of electronic character of
functional groups, with other parameters likely to be in play.

We then decided that to gain further understanding of these
results we should try to separate out the effects of fluorination and
hydroxylation on lipophilicity. It is known that, in general,
fluorination increases log P relative to a hydrogen substituent, and
hydroxylation decreases log P relative to hydrogen, but less is
effects of these
transformations. We therefore performed an additional Molecular

known about the subtle substituent
Matched Pair Analysis, comparing our disubstituted fluoro- /
hydroxy- compounds to their parent monosubstituted benzene (i.e.
replacing OH / F with H).

In comparing aryl fluorides and phenols to their parent
unsubstituted benzene (Figure 5) the obvious expected trend was
initially observed, in that fluorination generally leads to
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Figure S: Matched Pair Analysis comparing fluoro / hydroxy
compounds to parent benzenes for (a) para-; (b) meta-; (c) ortho-
substituted systems

an increase in log P relative to hydrogen at the same position, and
hydroxylation leads to a decrease in log P relative to hydrogen.
Interestingly, the decrease due to hydroxylation is normally larger
than the increase due to fluorination.

We shall now discuss substituent effects on these log P changes in
more detail, starting with substituent effects on log P decreases due
to hydroxylation (Figure S, red bars). Electron-donating groups
such as OH, NH,, OCH;, CH; and Ph show the largest log P



decreases on transformation of H to OH. Moderate electron-
withdrawing substituents such as carbonyl and halogen
substituents generally show a moderate decrease in log P on
hydroxylation Finally, stronger electron-withdrawing groups such
as NO;, CN and CF; groups show the smallest changes on
hydroxylation and sometimes even show a small increase in log P.

We believe that the key driver behind these observed trends is the
hydrogen bond acceptor ability of the phenol. Electron-donating
substituents will make a phenol a stronger hydrogen bond acceptor
and decrease a phenol’s relative lipophilicity compared to its
hydrogen-substituted matched pair.

Of course, an electron-donating group would be expected to
make a phenol a worse hydrogen bond donor. However, it would
seem that this has little impact on its octanol-water log P value.
This result has been previously supported by work by Abraham
who showed that log Pocc was mainly influenced by hydrogen bond
basicity as well as solute polarity and polarizability.*" Hydrogen
bond acidity was only a factor in log P values determined in alkane-
water mixtures.

Our next focus was on how substitution affects the log P of
fluorinated compounds, which we will again analyze by comparing
substituted aryl fluorides to their hydrodefluorinated matched pair
(Figure S, blue bars). Aryl fluorides containing a substituent that is
capable of acting as a hydrogen-bond acceptor (e.g. OR, NR,,
carbonyl) tend to show the largest increase in log P on fluorination.
Non-hydrogen-bond donor substituents (e.g. CHs, Ph, halogen)
tend to give much smaller increases, or even decreases in log P on
fluorination.

This would suggest that the highly electron-withdrawing nature
of fluorine plays a key role in reducing the hydrogen-bond donor
capability of other substituents, therefore increasing lipophilicity
relative to if fluorine were absent. Aromatic fluorine is always a very

weak hydrogen bond acceptor,¥*

so its effects on log P are mainly
confined to the way its high electronegativity can alter the

electronic distribution of other functional groups.

However, in cases where substituents are not hydrogen-bond
acceptors the change in log P between a fluorinated and hydrogen-
substituted compound is often very small (<0.1 log P units). This
again confirms the critical role that hydrogen bond acceptors play
in reducing log P - if hydrogen bond acceptor groups are absent
completely then log P is little changed. In some of these cases log P
decreases slightly on fluorination. This is likely due to an increase in
polarity slightly increasing water solubility on fluorination.

Polarizability also plays a key role in the lipophilicity of fluorine-
substituted systems. Fluorine has very low polarizability (related to
its very high electronegativity).” This increases the log P of
fluorine-substituted systems. However, our matched pair analysis
suggests that the presence of a highly polarizable substituent
elsewhere in the molecule (particularly Ph) can overcome
fluorine’s non-polarizability and that in these cases fluorination
leads to an increase in dipole moment and a more significant
decrease in log P. Note the large decreases in log P comparing Ph-
substituted aryl fluorides to non-fluorinated biaryls (Figure S).

We can then combine these individual effects on hydroxylated
and fluorinated systems to consider the overall log P change
between F / OH bioisosteres. This allows us to categorize
functional groups into those which should have similar effects:

i) Electron-donating groups which can also act as hydrogen-bond
acceptors (e.g. OR, NR:) show the largest difference in log P
(~+0.8 to +1.3 log P units) on transformation from OH to F. These
functional groups increase the hydrogen-bond acceptor strength of
a phenol, but their own hydrogen acceptor strength is reduced by
fluorination.

ii) Electron-donating groups which are not hydrogen-bond
acceptors (e.g. Ph, CH;) show moderate to large increases in log P
(~+0.5 to +0.8 log P units). Their electron-donating nature
increases the hydrogen-bond accepting ability of a phenol,
decreasing log P. However, fluorination can also lead to log P
decreases when these functional groups are present due to their
high polarizability overcoming the low polarizability of fluorine, as
well as fluorination increasing the polarity of these molecules.

iif) Carbonyl substituents show a moderate increase in log P (+0.2
to +0.6 log P units) between phenol and aryl fluoride matched
pairs. As they are electron-withdrawing, they reduce a phenol’s
hydrogen-bond acceptor strength, but the hydrogen-bond acceptor
strength of a carbonyl group is reduced by fluorination.

iv) Halogen substituents show a small to moderate increase in log P
(+0.3 to +0.5 log P units) on transformation of a hydroxy group to
fluorine. They are electron-withdrawing, so reduce hydrogen-bond
acceptor ability of a phenol group, but fluorination only has a small
effect on these compounds due to competing decreases in
polarizability but increases in local polarity.

v) Stronger electron-withdrawing groups (e.g. NO,, CN, CF;) show
small increases or small decreases in log P (-0.2 to +0.3) on
transformation of OH to F. This is due to their strong reduction in
the hydrogen-bond acceptor capability of the phenol, alongside

increases in local polarity in the fluorinated matched pair.

Whilst these trends hold well for para- and meta-substituted
benzenes, some additional trends were observed for ortho-
substituted compounds. In general, the difference in log P for a
phenol / fluorinated matched pair is smaller for ortho-substituted
systems. Figure Sc would seem to suggest that this is mainly being
driven by a smaller increase in log P on fluorination, as decreases in
log P on hydroxylation are often similar. This may be due in general
due to an increase in the dipole moment of the ortho-fluorinated
system increasing their water solubility. Indeed, the log P of ortho-
substituted aryl fluorides are generally lower than their meta- and
para-substituted isomers.

Ortho-substituted carbonyl compounds show the largest
decreases in log P on transformation of a phenol to its aryl fluoride
matched pair (up to -0.7 log P units). This is made up from a
moderate to large increase in log P on hydroxylation, which is
compounded by a small decrease in log P on fluorination for esters,
amides and carboxylic acids to give an overall large decrease in log
P on transformation of OH to F. For aldehydes and ketones,
fluorination leads to an increase in log P making the overall change
from transforming OH to F much smaller.



The log P increase behavior of ortho-substituted carbonyl

compounds is due to the formation of a particularly strong
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Figure 6: Histograms representing matched pair analysis for functional group classes showing difference in log P (F - OH)
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intramolecular hydrogen bond between the phenolic O-H (donor)
and carbonyl oxygen (acceptor). This increases the log P of the
phenol considerably as the six-membered hydrogen-bonded
complex is stabilized by resonance, which reduces its

51,52

polarizability.

We then wished to investigate how the rules and effects we had
established and observed applied to a broader series of more
complex drug-like molecules, so performed an analysis on our full
series of F / OH matched pair compounds. These were grouped
into classes based on the functional groups present, and for each
class of compounds a histogram was produced based on the
frequency of compounds in that class, showing different log P
changes on transformation of O to F. This analysis was performed
on our OH - F (Figure 6) and OCHj; - F (Figure 7) datasets.

This showed results that were aligned with the trends we
observed with the disubstituted systems. Looking first at the
hydroxylated comparison (Figure 6) we see that the median
increase of log P on fluorination is much lower for compounds
bearing an electron-withdrawing group (+0.35 log P units) than
those bearing an electron-donating group (+0.87 log P units). This
pattern is repeated for the methoxylated compounds (median Alog
P +0.04 EWG vs. + 020 EDG), although the effect is less
pronounced (Fig. 7).

Classifying the functional groups further into categories similar to
those described above (ie strong EWG (NO, CN, CFs);
hetero(aryl); carbonyl; halogen; alkyl; ether / alcohol; amine /
amide) gave data series that were spread by a similar standard
deviation in each case, demonstrating their similar effects. The
order of these categories was similar to that of categories i)-v)
above (i.e hydrogen-bond accepting EDG (ie. OR, NR; > non-
hydrogen-bond accepting EDG (i.e alkyl) > carbonyl ~ halogen >
stronger EWG (i.e. NO,, CN, CFs).

Our final goal was then to begin to understand better how
multiple substitution on an aromatic ring would affect log P
differences in more complex systems. To achieve this we performed
a similar matched-pair analysis on a series of phenols / aryl
fluorides with two additional substituents to examine how the
effects of multiple functional groups would compete against each
other (Figure 8). This data was again obtained from the literature
and original values were measured using the shake-flask method.

Multiple electron-withdrawing groups showed an enhanced log P
decrease effect. Di-nitro substituted system 41 showed a greater
decrease in log P on fluorination than the mono-nitrated system
(Alog P -0.17 41 vs. -0.11 1-para), perhaps due to a further
increased dipole moment. Similarly, nitration decreases the log P
difference between a para-fluoro substituted system 42 (Alog P -
0.02 42 vs. +0.36 7-para), although it had little effect on an ortho-
hydroxy system 43 (Alog P +0.86 43 vs. 0.83 20-ortho).

Comparison of compounds 44 and 45 demonstrates further the
effects of an ortho-carbonyl group. Compound 44, with an ortho-
carboxylic acid, shows a much smaller difference in log P than
compound 45 in which the carbonyl group is not ortho to the
phenol / fluoro substituent (Alog P +0.40 44 vs. +0.91 45), again
likely due to intramolecular hydrogen bonding. Compound 46

R R R
NO, NO, OH
NO, F NO,
41 42 43
R=OH log P =1.67 R=0OH log P =1.88 R=0OHlog P =1.05
R=F log P =1.50 R=Flog P =1.86 R=Flog P =1.91
Alog P =-0.17 Alog P =-0.02 Alog P = +0.86
R R e
CO,H NHy  he =
H,N HO,C
44 45 46
R=0OHlog P = 0.89 R =0H log P =0.50 R=0OHlog P = 1.86
R=Flog P =1.29 R=Flog P =1.41 R=Flog P =222
Alog P = 0.40 Alog P = 0.91 Alog P = 0.36
R
R O R cl
cl N_ _CH,
NH, \n/
(0]
cl NH;
47 48 49
R = OCH; log P = 0.59 R=0CH;log P = 1.68 R =0OCH;log P =1.85
R=Flog P =0.49 R=FlogP =1.83 R=Flog P =2.06
Alog P =-0.10 Alog P =0.15 Alog P =0.21

Figure 8: Multi-substituted systems

demonstrates that conjugation of a carbonyl group to an aromatic
ring through an alkene leads to a similar effect as a non-T-extended
ketone substituent (Alog P +0.36 46 vs +0.37 8-para), further
supporting the assertion that this log P difference effect is mainly
electronic in nature.

Compounds 47-49 show how an electron-withdrawing chlorine
substituent can modulate the effect of amide and amine
substituents. Chlorination decreases the effect of an ortho-amide
substituent through reducing the strength of an intramolecular
hydrogen bond (Alog P -0.10 47 vs -0.27 31-ortho). It also
modulates the effect of an electron-donating nitrogen substituent
(Alog P +0.15 48 vs +0.36 39-ortho), although showed much less
effect on a para-amino substituent (Alog P +0.21 49 vs +0.20 35-
para)

We then wanted to see whether these rules applied to a broader
series of more complex drug-like molecules (Figure 9). We found
in the patent literature a series of thiazolyl-pyrimidine compounds
bearing OH / F matched pairs on an aromatic ring, which had been
developed during the lead optimization of a fungicide.® These
compounds all had an experimentally measured log P value
(determined by the shake-flask method). All of these compounds
had an amine substituent para to the OH / F group. For the 9
compounds 50-58 the difference in log P between the OH and F
analogues ranged from +0.60 to +1.40 log P units. The mean
increase (+1.05 log P units) was in line with what we observed for
the para-amino system 19-para, however the range we observed
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Figure 9: log P data for matched F / OH pairs in thiazolyl-pyrimidine fungicide molecules

was relatively large given that all the phenols would be expected to
be electronically very similar.

We looked to hydrogen-bonding characteristics to explain these
differences in results. Compounds 50-52 have a much smaller
difference in log P (+0.60 to +0.87 log P units) than others in the
series. Compounds 50-52 have an additional contribution to
hydrogen bonding from a pendent side-chain containing an amine
functional group, which will be a strong hydrogen-bond acceptor.
This makes the overall contribution of the phenol to hydrogen
bonding in 50-52 less important than in compounds 54-56 and 58
which have no functionality capable of hydrogen-bonding in their
side chains. This both makes the phenol in 50-52 less important to
overall solubility, and also makes their fluorinated matched pair
more water soluble than might otherwise be predicted as fluorine’s
non-polarizability can be compensated for by a hydrogen bonding
substituent elsewhere in the molecule. Overall, these additional
hydrogen-bond acceptor groups decrease the difference between
the log P of the phenol and aryl fluoride matched pair. Compounds
53 with an ether-containing side-chain shows a larger OH-F
matched pair difference in log P (+1.00 log P units) relative to the
amine-containing side chains 5§0-52. This may be because the ether
will be a weaker additional hydrogen-bond acceptor than the amine
substituents, so make a smaller relative contribution to decreasing
the log P of the aryl fluoride compound.

Compounds 57 shows a large difference in log P (+1.32 log P
units) between the phenol and aryl fluoride, despite the presence of

a hydrogen-bond acceptor amine in the side chain. There could be
two potential reasons for this. Firstly, the trifluoromethyl
substituent present in the aromatic ring may act as a powerful
electron-withdrawing group to diminish the hydrogen-bond
acceptor capability of the amine substituent, meaning there are
effectively no other hydrogen-bond acceptor groups to compensate
for the low polarizability of the fluorine atom. Alternatively, the
trifluoromethyl substituent in 57 may be acting as a second region
of low polarizability which disproportionately reduces the aqueous
solubility of the already non-polarizable aryl fluoride relative to the
more polarizable phenol.

We then examined how well the Alog P rules we had established
applied to other complex drug-like molecules for which
lipophilicity data of matched OH / F pairs was available in the
literature (Figure 10). Aryl-thiazolones 59 showed a relatively small
log P difference of +0.33 log P units, to be expected as the phenol is
conjugated to an electron-withdrawing carbonyl-containing
thiazolone unit.** Similarly, potential anticonvulsant 60 bearing an
electron-withdrawing imine unit had a moderate log P difference of
+0.44° On the other hand, dual Djreceptor/ps-adrenoceptor
agonists for the treatment of chronic obstructive pulmonary disease
61 gave a larger log P difference of +0.76 log P units between the
phenol and aryl fluoride as these substituents are on an aromatic
ring bearing an electron-donating alkyl substituent.*
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When comparing methoxy substituents to fluoro in more
complex systems, benzodiazepine 62 showed a log P difference of
+0.07 log P units, relatively small due to conjugation to a C=N unit
in the benzodiazepine ring.”” Derivative 63 bearing a more strongly
electron-withdrawing amide substituent showed a negative change
in log P on transformation from OCHj; to F of -0.22 log P units.*®
Oxazolyl-piperidine compounds 64 gave a much larger log P
difference of +0.32 log P units due to the presence of a para-amine
substituent on the aromatic ring.”

Finally, we chose to examine log P differences of some
heterocyclic derivatives (Figure 11). Pyridine derivatives showed
some very interesting trends. For 2-substituted pyridines 65 the
fluoro-compound was significantly more lipophilic than the
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hydroxy-compound (Alog P +1.42), yet this was reversed between
2-methoxy and 2-fluoropyridine with the methoxy compound
being more lipophilic (Alog P -0.50). This trend was further
exacerbated in the 4-substituted pyridine derivatives 67, which
showed an even larger increase on transformation of the hydroxy-
compound to the fluoro-compound (Alog P +2.30), but a decrease
on fluorination of the methoxy compound (Alog P -0.82).
However, these differences were nowhere near as pronounced for
the 3-substituted pyridines 66, (F - OH Alog P = +0.29 log P units,
F - OCH; Alog P =-0.22).

It seems likely that these differences are being controlled by the
ability of 2- and 4-hydroxypyridines to exist as a pyridone tautomer,
which have significantly lower log P values (compare 2-
hydroxypyridine 65-OH Alog P = -0.58 to 3-hydroxypyridine 66-
OH Alog P = +0.48). The formation of a pyridone tautomer is not
possible for methoxy- or 3-substituted systems. This reduced
lipophilicity of pyridone tautomers was previously observed in
work by Altomare.®

Pyrimidine 68 showed a large increase in log P on fluorination of
the hydroxy compound, but a small decrease on fluorination of the
methoxy compound. Similarly to 65 and 67, this compound can
form a pyrimidone tautomer. On the other hand, 8-substituted
quinoline 69, which is fluorinated / oxygenated on the benzenoid
ring and cannot form pyridone-like tautomers shows only a small
increase in lipophilicity on fluorination. Indole 70, which is a more
electron-rich ring system than quinoline 69 shows a larger increase
in log P on fluorination, perhaps reflecting a larger hydrogen-bond
acceptor capability of the phenol than in the less-electron-rich
quinoline 69.

These rules are again transferable to more complex molecules.
Purine-based system 71 shows a large increase in log P on
transformation from OH to F (Alog P +1.27), reflective of an
ability to form a pyridone-like tautomer. On the other hand, this
compound shows a small decrease in log P on transformation from
OCHs to F, perhaps due to the electron-deficient nature of this ring
system. Pyrimidine 72, which is fluorinated / hydroxylated on the
benzenoid ring, shows a much smaller difference in log P between
its OH and F analogues (Alog P +0.15).

We finally looked to determine the accuracy of various log P
calculators in assessing log P differences between oxygen and
fluorinated bioisosteres. Several calculators, including ChemDraw,
clog P, milog P and xlog P did not take any account of functionality
when calculating the difference in log P between a phenol and an
aryl fluoride, and gave a constant result for the difference. The Alog
P calculator however,** did give different results for the Alog P
between an oxygen and fluorinated matched pair depending on
functionality elsewhere in the molecule, so became our focus for
further analysis (Figure 12). To determine whether this calculator
is likely to be useful for estimating the effect of an oxygen / fluorine
replacement on log P we compared the results for our disubstituted
systems highlighted in figure 2 to calculated values. However,
whilst a plot of experimental log P against calculated Alog P gave a
reasonably good correlation for both phenols and aryl fluorides
independently (Figure 12a/b), a plot of experimental and



calculated Alog P values gave almost no correlation (Figure 12c).
This would suggest that the majority of commonly-used log P
calculators cannot be relied upon to accurately predict the
difference between oxygen and fluorinated bioisosteres.

Conclusion

We have compared the lipophilicities of substituted phenols and
anisoles with their corresponding aryl fluorides, using a Molecular
Matched Pair Analysis. This is a common bioisosteric replacement
used during drug design. Our analysis has revealed several factors
which appear to be important in the difference in log P between an
oxygen and fluorinated bioisostere.

Perhaps most important is the electronic character of any other
substituents present on the ring. Electron-donating substituents
increase the hydrogen bond acceptor capability of a phenol, whilst
having a much smaller effect on intermolecular forces in aryl
fluorides. This leads to a large increase in log P on fluorination of
electron-rich systems.

On the other hand, electron-withdrawing substituents weaken
phenols as hydrogen bond acceptors, whilst simultaneously
increasing water solubility of aryl fluorides through increasing
polarity. This gives a much smaller increase in log P on fluorination
of electron-poor systems, or even a decrease in some cases.

The ability to participate in intramolecular hydrogen bonding is
also a key factor in determining log P differences between oxygen
Phenols
intramolecular hydrogen bond donor, particularly where a carbonyl

and fluorine bioisosteres. which can act as an
group acts as acceptor, show anomalously high lipophilicity,
making these compounds often more lipophilic than their

fluorinated matched pair.

In more complex molecules, the presence of additional hydrogen
bond acceptor sites reduce the net importance of the phenol /
fluoro substituent to overall solubility of the molecule and reduce
the difference in log P between oxygen and fluorine bioisosteres.
On the other hand, the inclusion of groups of low polarizability
disproportionately decrease the water solubility of a fluorinated
compound in a O / F matched pair and increase the log P
difference between them.

Of course, the majority of drug discovery programmes involve
making acidic or basic molecules in which protonation state will
affect a partition coefficient. It may be expected that fluorination
would increase the acidity of an acidic compound, lowering its log
D relative to a hydroxy-substituted compound. On the other hand,
fluorination could decrease the basicity of a basic compound,
making the difference in log D between the hydroxy- and
fluorinated compounds larger at physiological pH. These effects are
likely to be compound dependent, and more work is needed to
understand the effects of fluorination on log D of ionizable drug-
like compounds.

This work has set out a series of empirical rules which affect the
difference in lipophilicity between oxygen and fluorinated
bioisosteres. We hope that it will be useful in rational drug design
when this common bioisosteric replacement is made during a drug
discovery program.
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Experimental section

Log P determination: log P values that were not available in the
literature were determined using an HPLC method.

The HPLC data was obtained on a Agilent 1100 series, fitted
with a reverse-phase Sphereclone Spm ODS(2) 80A column
(Length 150mm, diameter 4.6 mm; Flow rate 1 ml / min,
temperature 20°C). The eluent used was MeCN : H,O (60:40).

A calibration plot was produced for each run using compounds of
known log P and of a similar (aromatic) structure: (Phenol, 2-
Fluorophenol, Toluene, o-Xylene, Naphthalene, Cumene, t-
Butylbenzene, Anthracene, Pyrene). Their retention times were
measured using the HPLC conditions stated above, and then log
(retention time) was plotted against log P to obtain a linear plot.
This linear plot was then used to determine the unknown log P
values of the compounds of interest after their HPLC retention
times were measured.

See Supporting Information for full details on HPLC retention
times and log P data.
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Supporting Information. Details on log P determination using
HPLC. Molecular formula strings in SMILES format. This material is
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