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Toward Prediction of Alkane/Water Partition Coefficients
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Partition coefficients were measured for 47 compounds in the hexadecane/water (Ppxq) and 1-octanol/water
(Poct) systems. Some types of hydrogen bond acceptor presented by these compounds to the partitioning
systems are not well represented in the literature of alkane/water partitioning. The difference, AlogP, between
logP,. and logPyyq is @ measure of the hydrogen bonding potential of a molecule and is identified as a target
for predictive modeling. Minimized molecular electrostatic potential (Vi,,) was shown to be an effective
predictor of the contribution of hydrogen bond acceptors to AlogP. Carbonyl oxygen atoms were found to
be stronger hydrogen bond acceptors for their electrostatic potential than heteroaromatic nitrogen or oxygen
bound to hypervalent sulfur or nitrogen. Values of Vi, calculated for hydrogen-bonded complexes were
used to explore polarization effects. Predicted logPy and AlogP were shown to be more effective than
logP,« for modeling brain penetration for a data set of 18 compounds.

Introduction

Lipophilicity is a fundamental physicochemical property in
drug discovery'~ and is usually quantified by the logarithm of
the 1-octanol/water partition coefficient* (logPo). Lipophilicity
has been found to be an important determinant of permeability,’
extent of penetration of drugs into cells and the central nervous
system,® and volume of distribution.” Aqueous solubility®® and
binding to anti-targets such as the hERG" ion channel'® are
adversely influenced by lipophilicity and calculated logPo. '
(ClogPy) is frequently used as a molecular descriptor in
predictive models for these properties. Lipinski’s well-known
rule of 5 warns of poor oral bioavailability if the ClogP, of a
compound exceeds 5.

1-Octanol can form hydrogen bonds with solutes and water
has a solubility of 2.5 M (equivalent to mole fraction of 0.29)
in this solvent at 298 K.'> It can be argued that these
characteristics make 1-octanol a less appropriate model than
hydrocarbon for the core of a membrane bilayer'® or a hydro-
phobic binding pocket in a protein.'* However, the poor
solubility of many compounds in hydrocarbon solvents and
volatility of some of these (e.g., cyclohexane) can present
experimental difficulties. Molecules with both hydrogen bond
donor and acceptor ability can also potentially self-associate'”
in the hydrocarbon phase, which may result in a concentration
dependence of the measured partition coefficient.

Alkane/water partition coefficients (Pyy) are often compared
with their 1-octanol/water equivalents and the difference (logPo
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“ Abbreviations: B3LYP, Becke three-parameter exchange functional with
Lee—Yang—Parr correlation functional; BBB, blood-brain barrier; Cpiood,
concentration of drug in blood; Cyrain, concentration of drug in brain; ClogP,
calculated logarithm of 1-octanol/water partition coefficient; CNS, central
nervous system; D, distribution coefficient; Dyyg, hexadecane/water distribu-
tion coefficient; Doy, 1-octanol/water distribution coefficient; DMSO,
dimethylsulfoxide; hERG, human ether-a-go-go related gene; HPLC, high
performance liquid chromatography; MP2, second-order Mgller—Plesset
perturbation theory; P, alkane/water partition coefficient; Phyq, hexadecane/
water partition coefficient; P, 1-octanol/water partition coefficient; PSA,
polar surface area; QSPR, quantitative structure property relationship; RHF,
restricted Hartree—Fock; rms, root-mean-square; TMP, 2,2,4-trimethylpen-
tane; Vimin, minimized electrostatic potential; AlogP, difference between
logPoc; and logPpxa; AlogPeqs, measured AlogP; AlogPep, contribution to
AlogP predicted from molecular electrostatic potential; AlogPprq, predicted
AlogP; AlogP contribution to AlogP predicted from substructure.
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— logP,y) is termed AlogP.'® This quantity is typically positive,
and its magnitude reflects the strength of hydrogen bonding
between solute and 1-octanol. It has been suggested that AlogP
is a determinant of blood—brain barrier permeability in its own
right.'” It is worth noting that AlogP is effectively the 1-octanol/
alkane partition coefficient and that the heptane/ethylene glycol
system has also been used to assess solute hydrogen bonding. '
Taylor and co-workers have devised a “critical quartet” of
partitioning solvents, which includes donor and acceptor solvents
in addition to inert alkane and amphiprotic 1-octanol.'”>' A
number of measured alkane/water partition coefficients have
been reported in the literature for a variety of hydrocarbons
including cyclohexane, 2,2,4-trimethylpentane (TMP), and
hexadecane.'®**>° These partition coefficients were either
measured directly or derived from measured values of gas
solubility (Ostwald coefficient) in dry solvent.>*** Association
of water and a polar solute in hydrocarbon will tend to increase
the solubility of each in hydrocarbon, and the directly measured
and derived partition coefficients are not necessarily equiva-
lent.?® Pharmaceutically relevant hydrogen bond acceptors such
as heteroaromatic nitrogen and carbonyl oxygen are not well
represented in the literature of alkane/water partitioning, and
hydrogen bond donors are rarely found in the absence of
acceptors.

Counting hydrogen bond donors and acceptors is a recurring
theme in computer-aided drug discovery. A molecule violates
the rule of 5 if it has more than 10 hydrogen bond acceptors
(oxygen or nitrogen atoms) or 5 donors (acceptors with at least
one directly bonded hydrogen atom).! It is significant that the
rule of 5 defines the lower lipophilicity limit for oral bioavail-
ability in terms of hydrogen bonding rather than partition or
distribution coefficients. Polar surface area (PSA)? is effectively
a count of atoms capable of hydrogen bonding with weighting
for solvent exposure and is often calculated directly from the
molecular connection table*®*® without using a 3D structural
model. It can be argued that data analytic approaches based on
counting hydrogen bond donors and acceptors would benefit
from a more quantitative model of hydrogen bonding, especially
if it brought donors and acceptors onto the same scale.

Equilibrium constants measured in nonpolar solvents have
been used to quantify hydrogen bond strength, typically using
a standard donor to quantify acceptors and standard acceptor
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for donors.**>? The stability of the 1—1 complex is measured

and, for molecules with more than one hydrogen bonding group,
the equilibrium constant is a sum of equilibrium constants for
all such complexes. Only a single intermolecular hydrogen bond
is typically present in each complex although specific features
such as the carboxylic acid or primary amide may allow
additional hydrogen bonds to form. The situation in a solvent
capable of hydrogen bonding, in which all donors and acceptors
are simultaneously exposed to solvent molecules, is quite
different.?’ Nevertheless, hydrogen bond donor and acceptor
strengths measured for 1—1 complexes are still useful for
modeling solvation.*® Electrostatic potential calculated using
quantum mechanical models has been found to be a useful
predictor of hydrogen bond donor and acceptor strengths.* ¢
Hydrogen bond acceptors are typically associated with one or
two electrostatic potential minima at which the electric field
vanishes. The value, Vi, of the potential at the minimum has
been found to be a particularly effective predictor of hydrogen
bond acceptor strength.**® These quantitative structure property
relationships (QSPRs) are typically derived using model com-
pounds, each of which has only a single hydrogen bonding
group, because the thermodynamic measurements do not in
general allow contributions of individual equilibria to be
quantified.

In this study, we present measured hexadecane/water and
1-octanol/water partition coefficients for a number of compounds
and use these to evaluate minimized electrostatic potential as a
predictor of AlogP. We believe that meaningful, directly
measured, alkane/water partition coefficients will simply not be
accessible for many compounds of pharmaceutical interest and
that predictive methods will be necessary to provide this
information. The 1-octanol/water partition coefficient is mea-
sured routinely in pharmaceutical research laboratories and
provides a convenient starting point for prediction of its alkane/
water equivalent. This approach identifies AlogP as a target for
predictive modeling and focuses on hydrogen bond acceptors
that will be neutral under normal physiological conditions. The
model compounds have been selected to present a number of
relevant functional groups to the partitioning systems. The
observed relationships between AlogP and Vi, have implica-
tions beyond their application to prediction of AlogP.

Measured Partition Coefficients

Distribution coefficients for the hexadecane/water (Dyyq) and
1-octanol/water (Do) systems were measured (Table 1) at a
pH of 7.4 for a number of compounds (Figure 1). The most
basic of these (7) has a pK, of 6.7,% so, for this work, logD
and logP are equivalent. As our focus is on AlogP, it would
still be valid to derive this from logD, — logDpxa for
compounds that are predominantly ionized in the aqueous phase,
provided that no ionized species partition into either organic
phase. Most of the compounds were selected on the basis of
having a single hydrogen bond acceptor (e.g., 1) or two
symmetrically equivalent acceptors (e.g., 6, 38) while lacking
donors although two compounds (43, 44), each with a single
donor and lacking acceptors were also assayed. Compatibility
with HPLC-UV detection and likelihood of the measured value
falling outside the routine limits of the assay were additional
factors in selection of compounds for measurement. Values of
logDpxa measured in this study were consistent with 2,2,4-
trimethylpentane/water logP measurements®* reported for 1
(—0.41), 12 (2.03), 14 (1.12), 40 (1.43), and 41 (0.99) and
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Table 1. Measured Hexadecane/Water and 1-Octanol/Water Partition
Coefficients

SE SE
structure  10gDoer  (10gDoc)®  10gDixa  (10gDpya)”?  AlogP¢  Vigin®™®

1 0.64 0.005 —0.48 0.023 1.12 —0.1129
2 1.23 0.005 0.52 0.019 0.71 —0.0983
3 1.99 0.030 0.97 0.087 1.02 —0.1101
4 2.09 0.031 0.98 0.003 1.11 —0.1128
5 1.31 0.015 0.47 0.007 0.84 —0.0933
6 0.79 0.085 —0.49 0.019 1.28 —0.1021
7 1.55 0.017 —0.83 0.035 2.38 —0.1305
8 1.34 0.013 —0.89 0.019 2.23 —0.1219
9 1.56 0.034 0.89 0.017 0.67 —0.0998
10 1.97 0.009 1.25 0.044 0.73 —0.0969
11 1.49 0.025 0.75 0.026 0.74 —0.1021
12 2.15 0.006 1.90 0.095 0.25 —0.0712
13 1.74 0.000 1.36 0.026 0.38 —0.0925
14 1.61 0.020 0.96 0.046 0.65 —0.0921
15 0.71 0.009 —0.98 0.042 1.68 —0.1076
16 1.00 0.043 —0.54 0.023 1.54 —0.1093
17 1.83 0.012 0.07 0.020 1.76 —0.1071
18 1.32 0.005 —0.60 0.025 1.92 —0.1098
19 1.25 0.003 0.00 0.015 1.25 —0.0997
20 1.69 0.012 0.49 0.015 1.20 —0.1003
21 0.87 0.009 —1.07 0.094 1.93 —0.1071
22 1.32 0.065 —0.15 0.042 1.47 —0.0993
23 1.33 0.035 0.53 0.010 0.80 —0.0798
24 1.60 0.010 0.16 0.019 1.44 —0.1064
25 1.37 0.015 —0.72 0.036 2.09 —0.1121
26 2.09 0.006 —0.03 0.006 2.12 —0.1069
27 2.47 0.003 0.18 0.015 2.28 —0.1053
28 1.52 0.059 —0.15 0.015 1.67 —0.1080
29 2.47 0.013 —1.76 0.040 4.23 —0.1262
30 1.80 0.013 —1.40 0.040 3.20 —0.1149
31 1.02 0.007 —0.29 0.024 1.31 —0.1037
32 1.44 0.023 0.34 0.003 1.10 —0.1006
33 1.90 0.012 0.56 0.009 1.34 —0.1017
34 3.49 0.020 1.99 0.025 1.50 —0.1046
35 1.71 0.019 —0.57 0.059 228 —0.1259
36 2.10 0.009 0.66 0.007 1.45 —=0.1174
37 2.81 0.003 1.23 0.027 1.57 —0.1223
38 241 0.033 0.75 0.057 1.65 —0.0942
39 2.20 0.038 1.12 0.025 1.08 —0.0971
40 1.83 0.013 1.35 0.021 0.48 —0.0781
41 1.56 0.009 0.91 0.010 0.65 —0.0922
42 1.75 0.006 0.92 0.003 0.83 —0.0965
43 2.24 0.005 0.66 0.025 1.58

44 3.22 0.044 1.36 0.029 1.86

“ Standard error for mean logD. ? Standard error for 10gDhy. < Calculated
before rounding logD to to 2 decimal places. ¢ Most negative minimum
when two or more Viin values are associated with a single atom. ¢ In atomic
units (Hartree/electron).

logPnxa values derived from gaseous solubility24 for 1 (—0.42),
12 (2.13), 14 (1.12), 40 (1.44), and 41 (0.99).

Relationships between AlogP and Minimized Electrostatic
Potential

Values of AlogP calculated from logDyq — logDpxq Were used
to explore the utility of Vi, as a descriptor of hydrogen bond
acceptor strength and predictor of AlogP. Plotting the results
from Table 1 suggested that the acceptors fell into three classes:
(1) doubly connected heteroaromatic nitrogen, nitrile nitrogen,
or ether oxygen, (2) carbonyl oxygen, and (3) oxygen singly
connected to hypervalent atom. Consequently, separate analyses
were performed for each class of acceptor.

Contributions of hydrogen acceptors to AlogP are assumed
to be additive, and measured values for compounds such as 5§,
6,22, 38, and 39 with two equivalent acceptors were statistically
corrected prior to analysis. Plots of statistically corrected AlogP
against Vi, are shown in Figures 2—4 for the three classes of
acceptors. Comparison of Figures 2 and 3 shows a carbonyl
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Figure 2. Plot of AlogP (statistically corrected for number of acceptors)
against minimized electrostatic potential (RHF/6-31G*; atomic units)
for heteroaromatic nitrogen, nitrile nitrogen, and ether oxygen acceptors.

oxygen atom to be a stronger hydrogen bond acceptor than an
aromatic nitrogen atom with the same Vi, value. This is
probably a consequence of using only a single electrostatic
potential minimum to model the carbonyl oxygen acceptors
when both oxygen lone pairs are likely to participate in hydrogen
bonding. While the curves in Figures 3 and 4 are reasonably
similar, the data sets have not been combined because of the
differing numbers of lone pairs associated with these two classes
of acceptor. Fitting a linear model to these data sets showed
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Figure 3. Plot of AlogP (statistically corrected for number of acceptors)
against minimized electrostatic potential (RHF/6-31G*; atomic units)
for carbonyl oxygen acceptors.

clear systematic error with large positive residuals at the
extremes and negative residuals at the near the mean for Viip.
Similar curvature has been observed in plots of hydrogen bond
acceptor strength against Viin.>**> An additional disadvantage
of the linear model is that it predicts that AlogP will become
negative for very weak acceptors rather than tending to zero as
is normally observed. Equation 1 was used to model the
experimental data because it leads to a good fit for each class
of acceptor (Figures 2-4) while using the same number of
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Figure 4. Plot of AlogP (statistically corrected for number of acceptors)
against minimized electrostatic potential (RHF/6-31G*; atomic units)
for singly connected oxygen acceptors linked to hypervalent sulfur or
nitrogen.

Table 2. Fit of eq / to AlogP For Different Classes of Acceptor and
Levels of Theory

theoretical
eq acceptor type model” AlogPy x 10> k” RMSE ¢
la heteroaromatic and RHF/6-31G* 1.14 41.5 0.17

nitrile N; ether O
1b heteroaromatic and
nitrile N; ether O

B3LYP/6-31G* 1.20 454 0.16

Ic heteroaromatic and MP2/6-31G* 1.40 425 0.18
nitrile N; ether O

1d carbonyl O RHF/6-31G* 1.08 47.6  0.29

le carbonyl O B3LYP/6-31G* 2.00 48.1  0.30

If carbonyl O MP2/6-31G* 2.25 477 033

1g O singly connected to RHF/6-31G* 1.22 40.8 0.21

hypervalent N or S

1h O singly connected to B3LYP/6-31G* 1.23 502 0.37
hypervalent N or S

li O singly connected to MP2/6-31G* 2.22 440 041
hypervalent N or S

¢ Using molecular geometry energy-minimized at RHF/6-31G* level of
theory. ” In atomic units (Hartree/electron) '.  Root mean square error.

parameters as the linear model and has the desired asymptotic
behavior at high Viip.

AlogP = AlogP,, x ¢ */min 1)

The Vuin values used to fit AlogP in Figures 2-4 were
calculated at the restricted Hartree—Fock (RHF)*® level of theory
because this resulted in the best fit to the experimental results
across all three classes of acceptor. Second-order Mgller—Plesset
perturbation theory (MP2)*® and the B3LYP?® hybrid density
functional both led to worse fitting of the experimental data for
oxygen acceptors (class 2 and 3) when used to calculate Viyin
(Table 2). The three theoretical models perform similarly for
the class 1 acceptors (heteroaromatic nitrogen, nitrile nitrogen,
ether oxygen), although using the B3LYP*’ model does result
in a slightly lower rms error than using the RHF*® model.
Differences in performance between the RHF and B3LYP
models are minimal for the class 1 and 2 acceptors.

These models for AlogP allow the contribution of each
acceptor to be quantified individually. While measured values
for compounds with non-equivalent acceptors are less easily
used for deriving models, it has been shown that these are still
useful for validation.*® A validation set (Figure 5, Table 3) was
created from our measured values for three heterocycles with
nonequivalent hydrogen bond acceptors and a number of results
from the literature. The predicted value of AlogP for the
phosphine oxide 61 is 0.8 units less than the measured value,
suggesting that this type of hydrogen bond acceptor will require
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special treatment within this framework. Other than that, the
three largest differences between measured and predicted AlogP
are observed for 58 (0.40; from TMP/water partition coef-
ficient™), 49 (0.41; this work), and 57 (0.43; from derived
hexadecane/water partition coefficient®).

Polarization Effects

Minimized electrostatic potential was used to explore the
effect of polarization using methanol as a model for 1-octanol.
Polarization effects are quantified by comparing corresponding
values of Vi, for complexes with methanol and the uncom-
plexed acceptors. Three structures (Figure 5) were chosen to
span a wide range in Vi, and to have carbonyl groups with
symmetrically equivalent electrostatic potential minima. The
results, which also show the effects of complex formation on
the Vmin values associated with methanol oxygen, are presented
in Table 4.

CNS Penetration

Measured and predicted contributions of hydrogen bonding
groups to AlogP were used to estimate this quantity for
compounds with known ability to penetrate the CNS. Estimates
for AlogP were derived by summing fragment contributions
defined substructurally (AlogPs) and those predicted from
computed molecular electrostatic potential (AlogPpp). Values
of AlogPy were derived using the measured values presented
in this study (e.g., aliphatic tertiary amide: 1.8; alkyl aryl ether:
0.2) or by analysis of values reported in the literature (e.g.,
aliphatic alcohol: 1.6; dialkylamine: 1.0). The effect of self-
association was neglected in defining AlogPg for hydroxyl
groups and secondary amine nitrogen. The contribution of
intramolecular hydrogen bonds to AlogP was also neglected,
and this can be justified by noting that the measured AlogPys of
2-ethoxyethanol (1.9)* is well predicted by the sum of our
AlogPg for aliphatic hydroxyl (1.6) and the measured AlogPs
value for 52 (0.3, Table 3).

The calculations for prediction of logPpx from measured
values*® of logPo are illustrated in detail for morphine (64)
and diamorphine (65) in Table 5. Values of logPyxq and AlogP
predicted using the same methodology are presented in Table
6 for 18 compounds (Figure 6) for which measured brain/blood
concentration 1atios (Cprain/Chiood) have been reported in the
literature.*' The plots of 10g2(Chrain/Coiood) against predicted
logPo (Figure 7, R?> = 0.66; RMSE = 0.54) and predicted
logPhxa (Figure 8; R? = (.82; rms error = 0.39) show the latter
to be a better predictor of CNS penetration for this data set.
The difference between observed and predicted 102(Chyain/ Chiood)
for 78 is larger when the data is fit with logPy¢ (1.74) than
with logPhxa (1.22). The plot of 10g(Corain/Coiood) against
AlogPpreq (Figure 9, R?> = 0.88;: RMSE = 0.32) shows this
property to be a more effective predictor than logPyxg for CNS
penetration.

Discussion

The primary motivation for this study is to gain better access
to alkane/water partition coefficients. We have chosen logP
as our starting point because it is measured routinely in
pharmaceutical research, a substantial body of measured data
is available,*” and methods have been developed for its
prediction.'" Alkane and 1-octanol are the inert and amphiprotic
components of the “critical quartet”,'® and it can be argued that
either of the other two components (chloroform, propylene
glycol dinonoate) would be better starting points for prediction
on the grounds that their interactions with polar solutes are likely
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Figure 5. Structures of compounds used to validate models for AlogP and study polarization effects.

Table 3. Comparison of Measured and Predicted AlogP Values For
Validation Set

Table 5. Partition Coefficients and Calculated Polar Surface Areas For
Morphine and Diamorphine®

structure  logPoc” logPuk  AlogPpcas AlogPprea Vinin
45 1.17 0.89¢ 0.28 042 —0.0869
46 0.23 —0.79¢ 1.02  1.26

0.62 (N1) —0.0962 (N1)

0.64 (N4) —0.0973 (N4)
47 1.01(0.02)° —0.74 (0.02)° 175 2.04

0.93 (N1) —0.1062 (N1)

.11 (N2) —0.1105 (N2)
48 1.78(0.01)°  0.80 (0.01)° 098 1.11

0.55 (N1) —0.0935 (N1)

0.56 (N3) —0.0940 (N3)
49 1.78(0.03)° —0.27 (0.02)° 2.05 1.64

0.42 (N2) —0.0873 (N2)

1.22 (N3) —0.1128 (N3)
50 046 ~0.59¢ 1.05  0.80

0.48 (N1) —0.0901 (N1)

0.32 (CN) —0.0803 (CN)
51 048 —0.93¢ 151 130

0.81 (N) —0.1027 (N)

0.49 (0) —0.0801 (O)

52 0.89 0.62 027 0.46 —0.0890
53 0.46 —0.02¢ 048 0.69 —0.0988
54 —0.27 —0.814 054 0.78 —0.0855
55 —0.24 —1.03¢ 0.79 0.85 —0.0917
56 0.73 0.22¢ 051 0.84 —0.0915
57 —0.34 —1.29% 095 052 —0.0921
58 0.55 —1.49" 204 1.64 —0.1200
59 0.50 —0.92" 142 1.11 —0.0934
60 —0.35 —1.06% 0.71  0.52 —0.0748
61 2.83 0.25(0.05)° 258 1.77 —0.1218

@ Reference 42 unless indicated otherwise. * Most negative minimum
when two or more Vpin values are associated with a single atom; atomic
units (Hartree/electron). € “Alkane” value; ref 25. ¢ Hexadecane obtained
indirectly from gaseous solubility measurement; ref 25. ¢ This work; standard
error in parenthesis./ Hexadecane; ref 19. ¢ Hexadecane obtained indirectly
from gaseous solubility measurement; ref 24. n 2,2 4-Trimethylpentane; ref
22.

Table 4. Polarization Effects For Carbonyl Oxygen Acceptor and
Methanol Donor

Vinin Alogppred Vinin (0=C) Vinin (MeOH)

structure 0=C)“ (0=C) * complex complex “¢
55 —0.0917 0.85 —0.0782 —0.1134
62 —0.1029 1.45 —0.0920 —0.1149
63 —0.1251 4.15 —0.1137 —0.1266

“ Atomic units (Hartree/electron) * From eq 1d (Table 2). © Compare with
—0.0966 for isolated methanol molecule.

to be less complex than the interactions of 1-octanol with these
solutes. However, these solvents are used too rarely in partition-
ing systems to be viable starting points for prediction of logP,.
We assume that individual contributions of hydrogen bond
donors and acceptors to AlogP are additive and show that

) predicted
structure PSA/A? logPoc “  AlogP contributions  AlogPpred  10gPhxa
64 52.9 0.89 0.8 (tertiary amine) 5.1 —4.2

2.5 ¥ (phenol)

1.6 ” (alcohol)

0.2 < (ether)

0.8 * (tertiary amine) 3.0 —1.4
1.0 ¥ (aryl ester)

1.0  (alkyl ester)

0.2 b (ether)

“ Measured value from ref 40. ? AlogP. © This work. d AlogPg from eq
1d. “ From logPoct — AlogPprea.

65 65.1 1.58

Table 6. Measured Brain/Blood Ratios and Predicted Partition
Coefficients For Analysis of CNS Penetration

log > >
compound (Corain/Colood)” ClogP” AlogPss® AlogPumep? AlogPpred” 10gPhxd”
66 1.00 447 10¢ 0.0 1.0 3.5
67 1.05 5.04 0.8" 0.0 0.8 4.2
68 0.99 3.76 0.8" 0.0 0.8 3.0
69 0.98 485 0.8" 0.0 0.8 3.5
70 0.82 382 24M 0.1 2.5 1.3
71 0.52 331 268 0.1 2.7 0.6
72 1.03 458 0.8" 0.1 0.9 3.7
73 0.39 413 1.0¢ 0.1 1.1 3.0
74 0.53 2.81 0.8" 1.0 1.8 1.0
75 0.49 322 1.0 0.8 1.8 1.4
76 —0.02 271 08" 2.6 3.4 —0.7
77 —0.67 1.07 24" 2.6 5.0 -39
78 1.64 221 108 0.3 1.3 0.9
79 —0.02 2.61 2.6M 0.0 2.6 0.0
80 —0.30 2.57 0.0 3.6 3.6 —-1.0
81 —1.34 1.05 1.6° 3.6 52 —4.1
82 —1.82 -0.16 32° 3.6 6.8 7.0
83 0.16 2.09 2.6"* 0.5 3.1 —-1.0

“Ref 41. ? Ref 11. “ Summed substructural fragment contributions to
AlogP. ¥ Summed contributions to AlogP calculated from molecular
electrostatic potential. ¢ Predicted AlogP. /Predicted hexadecane/water
partition coefficient. ¢ AlogPs, for dialkylamine: 1.0. ” AlogPy for trialky-
lamine: 0.8. * AlogP; for aliphatic alcohol: 1.6.7 AlogPy for alkoxyphenyl:
0.2. ¥ AlogPg for aliphatic tertiary amide: 1.8.

calculated electrostatic potentials are predictive of these con-
tributions. There is an analogy between this focus on AlogP
and the free energy perturbation method** and matched molec-
ular pair analysis**** in that changes in a property may be more
easily predicted than the property itself. Robust prediction of
AlogP coupled with routine measurement of logP,, would
clearly lead to logP,x prediction. We suggest that, in some
situations, logP,x may prove to be a more suitable descriptor
than logP, in predictive models for physicochemical properties
and physiological processes. One criterion by which suitability
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Figure 6. Structures of compounds used in analysis of CNS penetration.
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Figure 7. Plot of brain/blood concentration ratio against predicted
1-octanol/water partition coefficient (N = 18; R? = 0.66; RMSE =
0.54; intercept = —1.22; slope = 0.51).

might be judged is whether a lower limit of lipophilicity for
bioavailability can be defined in terms of partition or distribution
coefficient rather than numbers of hydrogen bonding groups.

The measured AlogP values presented here represent a
number of the neutral hydrogen bond acceptors that are
encountered in medicinal chemistry. The most striking result is
the AlogP of 4.23 (PSA = 22.0 A?) for the 4-pyridone 29,
which, despite minimal differences in PSA, is significantly
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Figure 8. Plot of brain/blood concentration ratio against predicted
hexadecane/water partition coefficient (N = 18; R?>=0.82; RMSE =
0.39; intercept = 0.18; slope = 0.26).

greater than any of those measured for the 2-pyridones 25, 26,
and 27 (2.09—2.28). The AlogP of 3.2 measured for the
4-quinolone 30 shows the carbonyl oxygen to be a strong
acceptor, a characteristic that is also reflected in the unusually
high pK, values that are observed for the 3-carboxylate group
in quinolone antibiotics.*® The nitro group contributes 3
acceptors in the application of the rule of 5 and has a relatively
large PSA of 45.8 A? although the AlogP of 0.48 measured for
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10g(Chrain/Chlood)
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Figure 9. Plot of brain/blood concentration ratio against predicted
AlogP (N = 18; R?> = 0.88; RMSE = 0.32; intercept = 1.49; slope =
—0.47).

40 suggests weak hydrogen bonding. Comparison of 23 (AlogP
=1.47, PSA = 26.9 A%) and 22 (AlogP = 0.80, PSA = 39.1
A?) further illustrate the dangers of using PSA or counting
hydrogen bonding groups without taking account of hydrogen
bond strength.

Measured values of AlogP show how hydrogen bond acceptor
strength can be modulated by electronic effects. The acceptor
strength of quinoline (3, AlogP = 1.02) appears to be more
sensitive to aza-substitution at C4 (5, AlogP = 0.84) than at
C5 (6, AlogP = 1.28). In the absence of electronic effects, both
5 and 6 would be expected to have a AlogP of 2.04, assuming
additivity. In contrast, the AlogP of 47 (1.75) is much closer to
the sum of the AlogP values measured for 3 (1.02) and 4 (1.11)
that would be expected for independent acceptors. Pyridazine
has been observed® to be a stronger hydrogen bond acceptor
than either pyrazine or pyrimidine and this is believed to be a
manifestation of the a-effect*” in which interactions**~*® between
adjacent lone pairs overcome the effect of a directly bonded
electronegative atom. The presence of the second electronegative
oxygen atom can be invoked to explain the observation that
the AlogP for the sulfone 38 (1.65) is significantly less than
twice the value measured for the sulfoxide 36 (1.45). While
the AlogP is greater for the amide 15 (1.68) than for the ketone
14 (0.65), a lower value is observed for the sulfonamide 39
(1.08) than for the sulfone 38 (1.65), reflecting the lack of amide-
like resonance in sulfonamides.*®*’

The AlogP value observed (1.31) for the lactone 31 in this
study is larger than the value that has been reported (0.51) for
its acyclic analogue 56. A singly connected oxygen atom
functioning as a hydrogen bond acceptor typically has a pair of
electrostatic potential minimum associated with it, and different
values of the electrostatic potential are often observed for these.
In this study, electrostatic potentials are quoted in the atomic
units>® of Hartree/electron, and negative values are associated
with hydrogen bond acceptors. The minimum associated with
the carbonyl oxygen atom can be specified according to their
relationship to the other oxygen atom, and for 56, the anti Vi,
(—0.091) was observed to be more negative than the syn Vi,
(—0.086). While the anti Vi, (—0.093) for the lactone 31 is
very similar to that of 56, the syn Vyi, (—0.104) is more
negative. This can be interpreted as being due to a secondary
electrostatic interaction®® between non-bonded electrons associ-
ated with the two oxygen atoms of the lactone. The observation
that the Vi, value associated the doubly connected oxygen of
31 (—0.072) is more negative that the corresponding figure for
56 (—0.054) provides additional evidence for the secondary
electrostatic interaction.
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Figures 3-5 and the results in Table 3 show that Vi, is a
useful predictor of AlogP. Carbonyl oxygen atoms (Figure 4)
are associated with larger AlogP values for a given Vp,, than
nitrogen or ether oxygen atoms (Figure 3). This is probably a
consequence of carbonyl oxygen atoms having two minima
because only the most negative one is used as a predictor of
AlogP. As will be shown later, formation of a hydrogen bond
between carbonyl oxygen and a donor eliminates one electro-
static potential minimum associated with the oxygen atom and
perturbs the other. A consequence of this is that the contributions
of the two Vpi, values associated with the oxygen atoms cannot
be assumed to be additive.

The observed relationships between AlogP and Vi, have
implications for other approaches to modeling hydrogen bond-
ing. Using the RHF model to calculate Vi, resulted in better
fitting of the experimental results across all three acceptor classes
than when the B3LYP or MP2 models were used. One should
not draw any physical conclusions from the relative performance
of the three models because a gas phase electrostatic property,
calculated at a single point in space, has been used as a
descriptor to model a solution phase phenomenon. The results
are consistent with the view that charges fit to electrostatic
potential calculated at the RHF/6-31G* level are particularly
appropriate for calculation of free energies within a force field
paradigm.”’ However, the basis for that view may need to be
re-examined for hypervalent species given that AlogP values
for singly connected oxygen acceptors appear to respond
differently to Vi, depending on whether or not they are bound
to a hypervalent atom. Electrostatic potential minima are
typically found between 1.2 and 1.3 A from the relevant oxygen
or nitrogen, suggesting that the van der Waals radius may not
be especially relevant to hydrogen bonding. The effectiveness
of Vmin as a descriptor of hydrogen bond acceptor strength
presents another challenge®*>* to the use of atom-centered
charges to model hydrogen bonding.

While the relationships between AlogP and Vi, are useful
in a predictive sense, it is worth posing the question of why
this should be the case. Describing hydrogen bond acceptors
by single values of calculated electrostatic potential cannot be
expected to quantify the entropic component of hydrogen
bonding. The observed fits of AlogP suggest that Vi, quantifies
the enthalpic component in an effective manner and that the
entropic component is either constant or correlated with
enthalpy.™=” Dunitz has argued®® that “enthalpy—entropy
compensation is a general property of weak intermolecular
interactions”. While the nonlinear relationship between AlogP
and Vi, is consistent with solvent polarization, it may also
reflect nonlinear enthalpy—entropy compensation.

Polarization effects are of interest in addressing the issue of
hydrogen bond acceptors interacting with more than one donor
simultaneously?® and, more generally, in molecular force field
development.®® Results presented in Table 4 quantify the
effects of 1—1 complex formation on other hydrogen bond
acceptor centers in the system. As might be expected, 1—1
complex formation leads to a reduction in magnitude of the Viyin
value associated with the carbonyl oxygen. This reflects
polarization of the acceptor oxygen, which makes the unused
lone pair less available for formation of a second hydrogen bond
and secondary electrostatic interactions with the donor in the
complex. The Vp;, value (—0.114) for the carbonyl oxygen in
the complex of 63 with methanol is significantly more negative
than the most negative Vi, values for the tertiary amides 17
(—0.107) and 18 (—0.110), suggesting that this oxygen acceptor
will readily form two hydrogen bonds. Complexation of the
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weaker acceptor 62 reduces Vi, to a figure (—0.092), which is
virtually identical to that calculated for the ketone 14. The Viyin
values for methanol oxygen atoms in the complexes are all more
negative than the value (—0.096) for an isolated methanol
molecule and, as expected, the differences increase with the
strength of the hydrogen bond acceptor. The calculations
illustrate how the hydrogen bond effectively relays hydrogen
bond acceptor potential from carbonyl oxygen to methanol
oxygen. One consequence of polarization is that the contribution
of a hydroxyl hydrogen bond acceptor to AlogP is not expected
to be accurately predicted using eq la. The value of these
calculations is that they bring the effects of intermolecular
complexation and structural variation onto the same scale.

While the results presented show that contributions of
hydrogen bond acceptors to AlogP can be predicted using
calculated molecular electrostatic potentials, it is likely that a
general method for prediction of this quantity will make use of
substructurally defined fragment contributions.'® Fragment
contributions are most applicable where the hydrogen bonding
group is isolated electronically from the rest of the molecule as
is the case for aliphatic amines and alcohols. For example, our
measured values of AlogP for 17 (1.76) and 18 (1.92) were
used to derive a fragment value of 1.84 for aliphatic tertiary
amides. We use two examples to illustrate prediction of AlogP
from calculated and experimentally derived fragment contribu-
tions and show how these predictions can provide insight into
central nervous system (CNS) penetration.

The observation that morphine (64) crosses the blood—brain
barrier less efficiently than its diacetylated analogue diamorphine
(65) has been presented as a textbook®®' example of the effect
of lipophilicity on CNS penetration. This observation has been
rationalized by noting that in diamorphine there are “two polar
groups which are masked”®® and “because of its greater lipid
solubility, it crosses the blood—brain barrier more rapidly than
morphine”.®' The measured logPo. values for 64 (0.89) and 65
(1.58) only differ by 0.7 units, and by the PSA metric, 65 (65.1
A?) is actually more polar than 64 (52.9A2%). However the values
of logPhxa predicted for 64 (—4.2) and 65 (—1.4) show that
diacetylation of 64 leads to a larger increase of almost 3 units
in this partitioning system.

Measured brain/blood concentration ratios*' were used to
evaluate the effectiveness of logPnsg as a predictor of CNS
penetration. While measurements such as these do not quantify
blood—brain barrier permeability directly and also reflect relative
binding affinity to plasma proteins and brain tissue,>* they
are commonly used to evaluate potential CNS drugs.® Our
method for predicting contributions to AlogP from electrostatic
potential is currently restricted to hydrogen bond acceptors, and
the only donors that can be treated are those for which measured
substructural contributions are available such as hydroxyl groups
and secondary amines. Despite this restriction, the 15 basic and
3 neutral compounds in the data set present 12 structural cores
and the 10g(Coyrain/Chiooa) Values span 3.5 units.

The observation that logPpyq is a more effective predictor of
CNS penetration than logP, for this data set reinforces the view
that alkane/water partition coefficients, when accessible, may
be more appropriate than their 1-octanol/water equivalents for
modeling passive permeability'® and binding to proteins.'* It
is more difficult to rationalize the advantage AlogP appears to
have over logPyq as a predictor of CNS penetration. However,
our results do support earlier work in which the former was
identified as a descriptor that is particularly suitable for
prediction of CNS penetration.'”” Although derived as the
difference between logP values for two solvents, AlogP ap-
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proximates to the 1-octanol/hexadecane partition coefficient and
that relationship becomes exact when the three mutual solubili-
ties of the solvents are all zero. It is not clear why a partitioning
system in which the polar component is 1-octanol should be
such an effective predictor of 102(Cpyain/ Chiood) although binding
to plasma proteins and brain tissue may be a factor. Our results
and other studies'®'” suggest AlogP is a useful descriptor in its
own right that is related to PSA and counts of hydrogen bonding
groups while providing a better indication of hydrogen bond
strength.

The value of logPyxq of —7 predicted for 82 suggests that for
many compounds of interest hydrocarbon/water partition coef-
ficients will not be routinely measurable. This observation
highlights the need for predictive methods and suggests that
extension of the electrostatic potential methodology to hydrogen
bond donors will be useful. The results of this study validate
AlogP as a target for predictive modeling and demonstrate the
value of experimental measurements of this property for
prototypical model compounds.

Conclusions

Hexadecane/water and 1-octanol/water partition coefficients
have been measured for model compounds, allowing AlogP
values to be derived for a number of hydrogen bond acceptors
that are neutral under normal physiological conditions. It has
been shown that minimized electrostatic potential is a useful
descriptor for prediction of the contribution of hydrogen bond
acceptors to AlogP. The observed relationships between AlogP
and Vi, appear to be nonlinear and there appear to be no
advantages to using the B3LYP or MP2 theoretical models rather
than the simpler RHF model when the 6-31G* basis set is used.
Minimized electrostatic potential has also been used to quantify
the effect of polarization in hydrogen bonded complexes.
Predicted logPnxg and AlogP were both shown to be more
effective molecular descriptors than predicted logP.y for
rationalizing and modeling CNS penetration.

Experimental Section

Quoted values for logD are means of at least 3 measurements.
Distribution coefficients were determined using a shake-flask
technique,®* using the difference in the aqueous phase concentration
of the analyte before and after partitioning to calculate logD (eq
2). Two separate buffer:organic phase partitioning ratios of 100:1
and 1:1 were employed to achieve a dynamic range of 0.5 to 4 and
—2 to 2, respectively. A suitable ratio was chosen for each
compound based upon an estimate of logP'' in the appropriate
solvent prior to experiment.

A 10 mM sodium phosphate buffer was prepared using Millipore
purified water and adjusted to pH 7.4 with 10 M sodium hydroxide.
Saturation of buffer solution with 1-octanol or vice-versa was
achieved by thorough mixing of both phases in a separating funnel.
The phases were allowed to separate for several days before
decanting. Saturation of buffer solution with hexadecane or vice-
versa was achieved by continuous stirring of the two-phase system
overnight to allow efficient mixing of the phases prior to separation.
Analyte compounds (ca. 0.6 mg or 1 uL) were dissolved in 12 mL
of phosphate buffer saturated with 1-octanol or hexadecane.

After filtration through a glass fiber filter 10 mL (for 1 100:1
ratios) or 3 mL for (for 1:1 ratios) of analyte solution was placed
in a graduated centrifuge tube. Excess solution was transferred into
an HPLC vial as the “before partitioning solution (BP)”. Then 100
uL (for 100:1 ratios) or 3 mL (for 1:1 ratios) of saturated 1-octanol
or hexadecane was added to the centrifuge tube before placement
on a Thermolyte Varimix platform and mixing at 25 °C, 20 rpm,
and a 48° angle for 30 min. After subsequent centrifugation at 3000
rpm for 30 min at 25 °C, an aliquot of the aqueous bottom layer of
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the solution was transferred to an HPLC vial as the “after
partitioning solution (AP)”.

HPLC analysis was carried out on an Agilent 1100 HPLC binary
pump and a UV diode array detector. Samples were separated using
a Phenomenex Synergi MaxRP column and a 3 min gradient from
95% aqueous ammonium acetate (50 mM) to 100% methanolic
ammonium acetate (44 mM) at 1.2 mL min~'. Data acquisition at
220—320 nm and subsequent integration were carried out using
Chemstation version 6. Blank injections of buffer, 1-octanol, and
DMSO were used to assess background interference from the
solvents. A standard solution of the analyte in DMSO was used as
a retention time guide for the compound being measured.

The logD result at pH 7.4 is calculated from eq 2 using a
Microsoft Excel spreadsheet:

logD =log
peak area of BP — peak area of AP » aqueous volume
peak area of AP organic volume

(@)

QC compounds were included in each experimental to ensure
analytical reproducibility.

Computational Details

Quantum mechanical calculations were performed using the
Gaussian 03 program® using the 6-31G* basis set®® and
molecular geometries were energy-minimized at the restricted
Hartree—Fock (RHF) level of theory.*® Starting structures for
16 and 24 were each built with the phenyl ring anti with respect
to the carbonyl oxygen, as suggested by crystal structures with
refcodes MEACAN10 and YOFDIG in the Cambridge Struc-
tural Database.®® Minimized electrostatic potentials (Viin) were
calculated using the keyword Prop=(Opt,EFG) for these
geometries using RHF, second-order Mgller—Plesset perturba-
tion theory (MP2),*® and Becke three-parameter exchange
functional, combined with the Lee—Yang—Parr correlation
functional (B3LYP)* electronic structure models. In cases
where more than one electrostatic potential minimum was found
for an atom, the most negative of these was used as the
descriptor of hydrogen bond acceptor strength for that atom.
All computed electrostatic potentials are quoted in atomic units*®
(Hartree/electron). Values of PSA were calculated from
SMILES®’ using the Molinspiration interactive PSA calculator,*®
which is based on the method of Ertl, Rohde, and Selzer.”®

Nonlinear regression analysis was performed using the JMP
statistical program.®® Atomic contributions to AlogP were
assumed to be additive, and values used in regression analysis
were statistically corrected when equivalent hydrogen bond
acceptor atoms were present. Contributions of oxygen and
nitrogen atoms to AlogP were neglected when these were linked
to carbonyl or sulfonyl groups either directly or vinylogously
(e.g., 29, 34). Other heteroatom contributions that were neglected
include hypervalent nitrogen (e.g., nitro), triply connected
nitrogen in a heteroaromatic ring (e.g., N1 of 7), oxygen in an
aromatic ring (e.g., 9), and oxygen in 42.

Values of AlogP for analysis of CNS penetration were
predicted using fragment contributions derived from measure-
ments and, when these were not available, by application of
eqs la (heteroaromatic nitrogen and ether oxygen acceptors) or
1d (carbonyl oxygen acceptors). Fragment contributions
(AlogPg) were defined for aliphatic tertiary amide (1.84; this
work; mean AlogP for 17 and 18), aliphatic hydroxyl (1.6; mean
AlogP for 23 aliphatic alcohols®®), phenolic hydroxyl (2.5;
AlogP of phenol®®), alkoxybenzene (0.25; this work; AlogP for
12), secondary aliphatic amine (1.0; mean AlogP for 4 secondary
amines®’), and tertiary aliphatic amine (0.8; mean AlogP for
trimethylamine and triethylamine). The contributions to AlogP
of dialkylamino nitrogen bound to aromatic carbon and alkyl-
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amino nitrogen bound to two aromatic carbon atoms were
neglected on the basis of the similarity of measured values of
logPo (2.31*%) and logPyxq (2.22%%) reported for N,N-dimethy-
laniline. Self-association in hexadecane was neglected when
deriving AlogPg contributions for hydroxyl groups and second-
ary amines. Values of AlogPy,, were calculated using the most
prototypical member of series of closely related compounds:
71 (represents 70 and 71), 73 (represents 72 and 73), 76
(represents 76 and 77), and 80 (represents 80, 81, 82). Predicted
logPhxq values were generated as the difference of ClogPll and
AlogPpreq.
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