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Abstract: Olive oil partition coefficients are useful for modeling the bioavailability of drug-like
compounds. We have recently developed an accurate solvation model called SM8 for aqueous
and organic solvents (Marenich, A. V.; Olson, R. M.; Kelly, C. P.; Cramer, C. J.; Truhlar, D. G.
J. Chem. Theory Comput. 2007, 3, 2011) and a temperature-dependent solvation model called
SM8T for aqueous solution (Chamberlin, A. C.; Cramer, C. J.; Truhlar, D. G. J. Phys. Chem. B
2008, 112, 3024). Here we describe an extension of SM8T to predict air—olive oil and water—olive
oil partitioning for drug-like solutes as functions of temperature. We also describe the database
of experimental partition coefficients used to parametrize the model; this database includes 371
entries for 304 compounds spanning the 291—-310 K temperature range.
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1. Introduction

Computation is increasingly used to predict absorption,
distribution, permeability, and other measures of bioavail-
ability and uptake for drug candidates, in some cases prior
to synthesis.' ~'? Bioavailability is often predicted using some
measure of the lipophilicity of the drug; traditionally
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octanol—water partition coefficients are used.'* However, in
cases where the drug molecules have not yet been synthe-
sized, the partition coefficients (or, alternatively, the solubili-
ties and vapor pressures) must be estimated. One class of
solvation models, called implicit or continuum solvation
models,">~'® has proven particularly useful for prediction
or estimation of a number of solute properties including free
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energies of partitioning between different phases (most
commonly the gas phase and liquid solution). Currently,
implicit solvation models based on quantum mechanical
(QM) solute models can reproduce free energies of solvation
for organic molecules in aqueous solution at room temper-
ature and pressure to within ~0.6 kcal/mol."®

Past research has shown that water—olive 0il*°~** and
air—olive 0il**~2° partition coefficients exhibit a correlation
with drug efficacy. In particular, it has been shown that these
partition coefficients correlate with the partitioning of the
drugs into rat and human tissue.”’ >> As noted above,
octanol/water partition measurements can also provide useful
and well-characterized correlates with bioavailability and
absorption. However, Poulin et al.?%® have shown that olive/
oil—water partition measurements are clearly superior to
octanol/water for the prediction of adipose tissue plasma
partition coefficients. This is not surprising since adipose
tissue is primarily triglyceride. Adipose tissue partition is a
pharmacologically important parameter because it can domi-

(11) Hou, T.; Wang, J.; Zhaag, W.; Wang, W.; Xu, X. Recent
advances in computational prediction of drug absorption and
permeability in drug discovery. Curr. Med. Chem. 2006, 13,
2653-2667.

(12) Ruiz-Garcia, A.; Bermejo, M.; Moss, A.; Casabo, V. E. Phar-
macokinetics in drug discovery. J. Pharm. Sci. 2008, 97, 654—
690.

(13) Palmer, D. S.; Llinas, A.; Morao, I.; Day, G. M.; Goodman,
J.M.; Glen, R. C.; Mitchell, J. B. O. Predicting intrinsic aqueous
solubility by a thermodynamic cycle. Mol. Pharmaceutics 2008,
5, 266-279.

(14) Hansch, C.; Leo, P. Exploring QSAR: Fundamentals and
applications in chemistry and biology, American Chemical
Society: WA, 1995, pp. 125—168.

(15) Tomasi, J.; Persico, M. Molecular Interactions in Solution: An
Overview of Methods Based on Continuous Distributions of the
Solvent. Chem. Rev. 1994, 94, 2027-2094.

(16) Cramer, C. J.; Truhlar, D. G. Continuum solvation models. In
Solvent effects and chemical reactivity; Tapia, O., Bertran, J.,
Eds.; Kluwer: Boston, 1996; pp 1—80.

(17) Cramer, C. J.; Truhlar, D. G. Implicit solvation models:
Equilibria, structure, spectra, and dynamics. Chem. Rev. 1999,
99, 2161-2200.

(18) Tomasi, J.; Mennucci, B.; Cammi, R. Quantum mechanical
continuum solvation models. Chem. Rev. 2005, 105, 2999-3093.

(19) (a) Marenich, A. V.; Olson, R. M.; Kelly, C. P.; Cramer, C. J.;
Truhlar, D. G. Self-consistent reaction field model for aqueous
and nonaqueous solutions based on accurate polarized partial
charges. J. Chem. Theory Comput. 2007, 3, 2011-2033. (b)
Cramer, C. J.; Truhlar, D. G. A universal approach to solvation
modeling. Acc. Chem. Res. 2008, 41, 760-768. (c) Marten, B.;
Kim, K.; Cortis, C.; Friesner, R. A.; Murphy, R. B.; Ringnalda,
M. N.; Sitkoff, D.; Honig, B. New model for calculation of
solvation free energies: Correction of self-consistent reaction field
continuum dielectric theory for short-range hydrogen-bonding
effects. J. Phys. Chem. 1996, 100, 11775-11788. (d) Klamt, A.;
Eckert, F.; Hornig, M. COSMO-RS: A novel view to physi-
ological solvation and partition questions. J. Comput.-Aided Mol.
Des. 2001, 15, 355-365. (e) Cossi, M.; Rega, N.; Scalmani, G.;
Barone, V. Energies, structures, and electronic properties of
molecules in solution with the C-PCM solvation model. J. Com-
put. Chem. 2003, 24, 669-681.

nate the volume of distribution of lipid soluble drugs. The
availability of an accurate theoretical means to estimate olive
oil/water partitioning is particularly important because of the
very limited experimental data that is available for this
parameter.

Modeling pharmacokinetic properties like bioavailability
is not the only reason for interest in solubility and partitioning
in olive oil; not only are olive oil formulations prime
examples of lipid-based drug delivery systems, which are
often advantageous,33_3 8 but bioderived oils are also receiv-
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ing attention as green solvents for liquid—liquid extractions™’
and nanoparticle synthesis.*’

Data on olive oil partitioning are sparser than octanol
partitioning data, and thus a predictive model can be very
useful. The earliest attempts to model olive oil partitioning
were based on linear free energy relations.”>*'~*° (These
methods have also been applied to general triglyceride
solvents.*®) Although linear free energy modeling is very
powerful,'**” it suffers from difficulties in modeling cross
terms in multifunctional solutes. For this reason QM-based
models are expected to provide higher accuracy for general
solutes. Applying an implicit solvent model to olive oil is
particularly challenging because most implicit solvent models
are developed for 298 K, but the most useful partition
coefficients are those for basal body temperature (310 K).
The variation of the free energy of solvation as a function
of temperature has been included in only a few implicit
solvation models.** > Also, since olive oil is a mixed solvent
containing both triglycerides and fatty acids, it is not

(36) Wasan, K. M. Formulation and physiological and biopharma-
ceutical issues in the development of oral lipid-based drug
delivery systems. Drug. Dev. Ind. Pharm. 2001, 27, 267-276.

(37) Porter, C. J. M.; Trevaskis, N. L.; Charman, W. N. Lipids and
lipid-based formulations: optimizing the oral delivery of lipo-
philic drugs. Nat. Rev. Drug Discovery 2007, 6, 231-248.

(38) Sachs-Barrable, K.; Lee, S. D.; Wasan, E. K.; Thornton, S. J.;
Wasan, K. M. Enhancing drug absorption using lipids: A case
study presenting the development and pharmacological evaluation
of a novel lipid-based oral amphotericin B formulation for the
treatment of systemic fungal infections. Adv. Drug Delivery Rev.
2008, 60, 692-701.

(39) Spear, S. K.; Griffin, S. T.; Granger, K. S.; Huddleston, J. G.;
Rogers, R. D. Renewable plant-based soybean oil methyl esters
as alternatives to organic solvents. Green Chem. 2007, 9, 1008—
1015.

(40) Sapra, S.; Rogach, A. L.; Feldmann, J. Phosphine-free synthesis
of monodisperse CdSe nanocrystals in olive oil. J. Mat. Chem.
2006, 16, 3391-3395.

(41) Abraham, M. H.; Grellier, P. L.; McGill, R. A. Determination
of olive oil - gas and hexadecane - gas partition coefficients,
and calculation of the corresponding olive oil - water and
hexadecane - water partition coefficients. J. Chem. Soc., Perkin
Trans. 2 1987, 797-803.

(42) Abraham, M. H.; Fuchs, R. Correlation and prediction of gas -
liquid partition coefficients in hexadecane and olive oil. J. Chem.
Soc., Perkin Trans. 2 1988, 523-527.

(43) Cronce, D. T.; Famini, G. R.; De Soto, J. A.; Wilson, L. Y.
Using theoretical descriptors in quantitative structure-property
relationships: some distribution equilibria. J. Chem. Soc., Perkin
Trans. 2 1998, 1293-1301.

(44) Goss, K.-U.; Schwarzenbach, R. P. Estimating the phase
partitioning of organic compounds - success and pitfalls. ACS
Div. Environmental Chem., Preprints 2003, 43, 121-122.

(45) Abraham, M. H.; Ibrahim, A. Gas to olive oil partition coef-
ficients: A linear free energy analysis. J. Chem. Inf. Model. 2006,
46, 1735-1741.

(46) Cao, Y.; Marra, M.; Anderson, B. D. Predictive relationships
for the effects of triglyceride ester concentration and water uptake
on solubility and partitioning of small molecules into lipid
vehicles. J. Pharm. Sci. 2004, 93, 2768-2779.

1066 MOLECULAR PHARMACEUTICS VOL. 5, NO. 6

Table 1. Composition of Olive Oll

% of total

component composition ref

triglycerides 98-99% 114
fatty acids 0.6—1.4% 115

squalene, triterpene alcohols, steroid tocopherols, 1—2% 116
polyphenols, trace aromatic compounds

Table 2. Experimental Determinations of Olive Oil
Descriptors

temp (K) value conditions ref
Dielectric Constant (¢)
295 3.029 fresh 84
295 3.99 air and light 84
295 3.47 moisture and light 84
298 3.11 83
298 3.15 85
298 3.098 unrefined 117
298 3.093 refined 117
308 3.036 unrefined 117
308 3.048 refined 117
Refractive Index (n)
293 1.468 86
298 1.465 85
298 1.467 unrefined 117
298 1.467 refined 117
a 1.469—1.484 115
Surface Tension (y)
288.65 32.2 87
293—-320 S, = 33.377 — 0.057(T — 273.15) 92
295 33 93
300 34.2 88
309 33.6 88
303 25.8 refined 91
a 33 90
a 33 89

2 Temperature not given.
straightforward to relate its solvating properties to those of
pure solvents.

Water—olive oil partitioning is thus an interesting subject
for the application of solvation model 8 with temperature

(47) Murray, J. S.; Politzer, P. A general interaction properties
function (GIPF): an approach to understanding and predicting
molecular interactions. In Quantitative treatments of solute/
solvent interactions; Theoretical and Computational Chemistry;
Politzer, P., Murray, J. S., Eds.; Elsevier: Amsterdam, 1994; Vol.
1, pp 243—289.

(48) Elcock, A. H.; McCammon, J. A. Continuum solvation model
for studying protein hydration thermodynamics at high temper-
atures. J. Phys. Chem. B 1997, 101, 9624-9634.

(49) Chamberlin, A. C.; Cramer, C. J.; Truhlar, D. G. Predicting
aqueous free energies of solvation as functions of temperature.
J. Phys. Chem. B 2006, 110, 5665-5675.

(50) Chamberlin, A. C.; Cramer, C. J.; Truhlar, D. G. Extension of
a temperature-dependent aqueous solvation model to compounds
containing nitrogen, fluorine, chlorine, bromine, and sulfur. J.
Phys. Chem. B 2008, 112, 3024-3039, In eq 32 and the last line
of page 3030, AG should be AGcps.
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Figure 1. Hess’s cycle for the calculation of free
energies of solvation in olive oil.

Z’able 3. Coefficients of Temperature Dependence (ccal
A2 mol~' K™ ") in SM8T-00?

C O F S
B-coefficient 24.03 24.03 —47.23 —24.43
C-coefficient —168.04 —168.04 7.02 —3.66
Cl Br HC HN
B-coefficient —47.23 —47.23 0.26 —335.28
C-coefficient 7.02 7.02 —167.95 0
HO CcC cc2 NC
B-coefficient 214.95 24.03 24.03 74.66
C-coefficient —67.79 —167.95 5.50 0
NC2 oC 0s
B-coefficient —18.28 24.03 81.47
C-coefficient 0 —67.79 0

2 See Supporting Information for explanation of SM8T atom
types.

dependence®® (SMS8T), which was developed to predict
aqueous free energies of solvation of neutral compounds
containing the atoms H, C, N, O, F, S, CI, or Br and was
trained to the temperature range 273 to 373 K. The present
article provides the first extension of SM8T to a nonaqueous
solvent, namely, olive oil. A necessary first step for this
development is to extend the earlier solvation model 8'
(SMB), defined only at 298 K but including organic solvents
as well as aqueous solution, to olive oil.

2. SM8 and SM8T

To accurately predict the partition coefficients of solutes
in olive oil it is necessary to use a slightly modified version
of SMST, the explanation of which first requires a brief
summary of SM8'” and SMST.>® For a more detailed
explanation of SM8 and SMS8T see the original publications.'*>°

2.A. SMS8. Solvation model 8 (SMS8) is the most recent
version of the SMx series.'?>!' 77 In SM8 the standard-state

(51) Cramer, C. J.; Truhlar, D. G. General parameterized SCF model
for free energies of solvation in aqueous solution. J. Am. Chem.
Soc. 1991, 113, 8305-8311.

(52) Cramer, C. J.; Truhlar, D. G. Molecular orbital theory calculations
of aqueous solvation effects on chemical equilibria. J. Am. Chem.
Soc. 1991, 113, 8552-8554.

free energy of solvation is computed as the sum of three
contributions, '

AGg = AGgyp + Geps + AG., (1)

conc

where AGgnp is the free energy contribution due to a well-
defined model of the electrostatic interactions between the
solute and the bulk solvent, G¢ps is a parametrized term
designed to account for first-solvation-shell effects and for
approximations used in the calculation of AGgxp, and AGgon
is the contribution due to any change in the standard-state
solute concentration in solution as compared to the gas phase.

In implicit solvation models, such as the SMx series, the
bulk electrostatic contribution to the free energy of solvation
is computed by approximating the solvent as a homogeneous
continuous dielectric medium characterized by its experi-
mental temperature-dependent bulk dielectric constant, &.
SMS employs the generalized Born equation,’'-** ! wherein
the solute charge distribution is approximated by a set of
atom-centered partial atomic charges, computed using charge
model 47263 (CM4), and the solute is distinguished from

(53) Cramer, C. J.; Truhlar, D. G. An SCF solvation model for the
hydrophobic effect and absolute free energies of aqueous
solvation. Science (Washington, DC, U.S.) 1992, 256, 213-217.

(54) Hawkins, G. D.; Zhu, T.; Li, J.; Chambers, C. C.; Giesen, D. J.;
Liotard, D. A.; Cramer, C. J.; Truhlar, D. G., Universal solvation
models. In Combined Quantum Mechanical and Molecular
Mechanical Methods; Gao, J., Thompson, M. A., Eds.; ACS
Symposium Series 712; American Chemical Society: Washing-
ton, DC, 1998; pp 201—-219.

(55) Cramer, C. J.; Truhlar, D. G., Solvation thermodynamics and
the treatment of equilibrium and nonequilibrium solvation effects
by models based on collective solvent coordinates. In Free
Energy Calculations in Rational Drug Design, Reddy, M. R.,
Erion, M. D., Eds.; Kluwer/Plenum: New York, 2001; pp 63—
95.

(56) Kelly, C. P.; Cramer, C. J.; Truhlar, D. G. SM6: A density
functional theory continuum solvation model for calculating
aqueous solvation free energies of neutrals, ions, and solute-
water clusters. J. Chem. Theory Comput. 2005, 1, 1133-1152.

(57) Cramer, C. J.; Truhlar, D. G., SMx continuum models for
condensed phases. In Trends and Perspectives in Modern
Computational Science, Maroulis, G., Simos, T. E., Eds.; Lecture
Series on Computer and Computational Sciences 6; Brill
Academic: Amsterdam, 2006; pp 112—140.

(58) Daudel, R. Quantum theory of chemical reactivity; Reidel:
Dordecht, 1973.

(59) Tucker, S. C.; Truhlar, D. G. Generalized born fragment charge
model for solvation effects as a function of reaction coordinate.
Chem. Phys. Lett. 1989, 157, 164-170.

(60) Still, W. C.; Tempczyk, A.; Hawley, R. C.; Hendrickson, T.
Semianalytical treatment of solvation for molecular mechanics
and dynamics. J. Am. Chem. Soc. 1990, 112, 6127-6129.

(61) Bashford, D.; Case, D. A. Generalized Born models of macro-
molecular solvation effects. Annu. Rev. Phys. Chem. 2000, 51,
129-152.

(62) Olson, R. M.; Marenich, A. V.; Cramer, C. J.; Truhlar, D. G.
Charge model 4 and intramolecular charge polarization. J. Chem.
Theory Comput. 2007, 3, 2046-2054.

(63) Marenich, A. V.; Olson, R. M.; Chamberlin, A. C.; Cramer, C. J.;
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solutions. J. Chem. Theory Comput. 2007, 3, 2055-2067.
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Table 4. Olive Oil Model for Entire Data Set of Free Energies of Solvation®

data set no. of points o MSE MUE RMSE
entire data set: no temperature coefficients 335 0.19 —0.30 0.93 1.29
310 K: no temperature coefficients 227 0.28 -0.23 0.81 1.16
298 K: no temperature coefficients 24 0.02 —0.15 0.56 0.70
293 K: no temperature coefficients 70 0.07 —0.81 1.31 1.70
entire data set: with temperature coefficients 335 0.10 —0.28 0.87 1.21

2 Errors in kcal/mol.

Table 5. Comparison of the Internal Errors to the
Temperature Dependence of the Experimental Free
Energies of Solvation (kcal/mol)

variation between exptl  mean unsigned root mean

points for a compd at: deviation squared deviation
the same temperature 0.26 0.34
different temperatures 0.27 0.33

the surrounding solvent by a series of atom-centered spherical
cavities depending upon an atomic radius called the intrinsic
Coulomb radius. In SM8 the intrinsic Coulomb radius for
each atom depends upon atomic number and Abraham’s
hydrogen bond acidity, a, of the solvent (vide infra).

Geps i1s an empirical term designed to minimize the
deviation between experimental and calculated values of
AGgnp; it accounts for all solvation phenomena not included
in the bulk electrostatic term or AG.,.. Previous studies®>®*~ %
have shown that the free energies associated with these
phenomena closely correlate with the solvent accessible
surface areas’®””> (SASAs) of the solute atoms. The

2.00 q
.
% 0.00 - . o g
o~ oy
83 -2.00 A S 0 -l
PE M - s (Y
2= -4.00 A 5
['T] g )
8 -6.00 - oy
5 o
‘,2_ -8.00 4 i + Entire Set
g g pes * 310K
5 © -10.00 4 . 7 - 293K
gn S —Ideal Fit
&  -12.00 . —Ideal Fit £1 kcal/mol
.
-14.00 s~ 7777
-14 -12 10 -8 -6 -4 -2 0 2

Experimental Free Energies of Solvation (kcal/mol)
Figure 2. Comparison of the predicted and experimental
free energies of solvation in olive oil over the entire
data set and for the two largest single-temperature
subsets.

Table 6. Errors (kcal/mol) in SM8T-OO and the
Temperature Independent Model, o = 0.19, Compared to
Abraham and Ibrahim*® for Free Energies of Solvation
(kcal/mol) for Abraham’s Data Set for Compounds in Olive
Oil at 310 K

SM8T-00 o=0.19 ref 45
MSE —-0.13 —0.21 0.04
MUE 0.62 0.65 0.21
RMSE 0.76 0.81 0.32
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atomic radii used to define the SASA for the Gepg term
are determined using the atomic radii of Bondi’* for the
atoms of the solute and a solvent radius of 0.4 A. Gceps
accounts for the specific non-bulk-electrostatic effects of
various functional groups upon the free energy of solvation
by using functions of the solute geometry. For nonaqueous
solvents, the SMS8 surface tensions of atoms, dz, and of
functional groups, 0z, ., are functions of solvent proper-
ties including the following: the hydrogen bond acidity,
o, and basicity 3, of the solvent, which are modeled by
the Yo, and YpB, descriptors of Abraham;>~ "% the
macroscopic surface tension (in units of cal mol ™" A™?),
y; the solvent refractive index at 293 K at the wavelength
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117, 1057-1068.
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Table 7. Comparison of SM8T-OO and the Temperature
Independent Model, oo = 0.19, to Average Experimental
Free Energies of Solvation (kcal/mol) for Compounds of
Pharmacologic Interest in Olive Oil at Various
Temperatures (K)

oa=0.19 SM8T-00 expt temp
Alcohols
thymol —7.54 —7.80 —7.76 293.00
propofol -7.21 —6.54 —6.32 310.00
Amines
procaine —11.63 —11.17 —7.75 310.00
morphine —13.65 —11.93 —11.98 310.00
codeine ——12.07 -10.72 —9.98 310.00
imipramine —-12.72 -11.26 —6.66 310.00
Heterocycles Containing N
nicotine —8.09 —6.70 —5.89 310.00

Compounds Containing Both OH and Amide Functionality
salicylamide -10.76 —10.48 —-11.92  293.00

Compounds Containing Both Ether and Amide Functionality
phenacetin —10.71 —11.10 -11.41 293.00

Heterocycles Containing N with Amide Functional Groups (i.e.,
Barbitals and Xanthines)

caffeine -12.78 -12.65 —-10.28  310.00
veronal —-11.17 —11.36 —8.08 292.00
veronal —11.16 —11.35 —8.41 293.00
probarbital —10.41 —10.59 —8.24 293.00
amobarbital —11.83 —12.04 —9.07 293.00
antipyrine —10.90 —10.16 —6.74 310.00
pentobarbital -11.47 -11.65 —8.94 293.00
phenobarbital —13.81 —14.26 —10.92  293.00
phenobarbital —13.63 —13.53 —9.90 310.00
phenytoin —-15.11 —15.06 —12.66  310.00
Compounds Containing Both F and Ether Functionality
desflurane —0.65 —1.09 —1.80 310.00
sevoflurane —0.99 —1.44 —2.41 310.00
Compounds Containing Both Cl and OH Functionality
chloralhydrate —7.42 —7.44 —5.15 309.00
chloralhydrate —7.48 —7.37 —5.84 291.00
Compounds Containing F, Cl, and Ether Functionality
methoxyflurane —3.56 —4.05 —4.05 310.00
isoflurane —1.81 —2.37 —2.78 310.00
enflurane —2.02 —2.57 —2.85 310.00
Compounds Containing Both F and Br
teflurane —2.17 —2.74 —2.07 310.00
halopropane -3.13 —3.53 —3.56 310.00
Compounds Containing F, Cl, and Br
halothane —3.31 —4.00 —3.35 310.00

of the Na D line, n; the fraction of the nonhydrogenic
atoms in the solvent that are aromatic carbon atoms, ¢;
and the fraction of the nonhydrogenic atoms in the solvent
molecules that are electronegative halogens, 1.

2.B. SMST. Solvation model 8 with temperature depen-
dence (SM8T)*" is designed to account for the temperature
dependence of free energies of solvation for compounds

Table 8. Errors in SM8T-OO and the Temperature
Independent Model, o = 0.19, for Compounds of
Pharmacologic Interest in Olive Oll

error of SM8T-O0 error of o = 0.19

AGs (kcal/mol) log K

AGs (kcal/mol) log K

MSE —1.08 —0.76 —1.46 -1.07
MUE 1.25 0.91 1.97 1.45
RMSE 1.86 1.36 2.40 1.76

containing H, C, N, O, F, S, Cl, or Br in the range 273 to
373 K. The change in the solvation free energy relative to
the reference temperature (7,) of 298 K is computed as

AAGs = AAGep(T) + AGpg(T) + AAG, . 2)
where AAGgnp is the temperature dependence associated
with AGgnp, AGeps is the temperature dependence of first-
solvation-shell phenomena (and other approximations as-
sociated with use of the generalized Born equation), and
AAGZon is the temperature dependence of the free energy
contribution due to any change in standard-state concentra-
tion on going from the gas phase into solution.

As noted above, AGgnp depends on the partial atomic
charges of the solute, the intrinsic Coulomb radii of the solute
atoms, the solute geometry, and the dielectric constant of
the solvent, all of which might in principle depend on
temperature. In SMS8T, the temperature dependence of
AAGEyp is restricted to only the dielectric constant, &(7).

The AGcps term is computed using parameters designed
to reproduce the effects of the entropy of solvation and the
heat capacity of solvation as well as all residual effects (for
example, systematic errors in the modeled charges or the
temperature dependence of the solute—solvent boundary)
beyond those accounted for by AAGgnp. A subset of the same
functions'®”*%% and solvent accessible surface areas that are
used in SM8 to compute Geps are used to calculate AGcps.

3. Olive Oil Model Development

Olive oil is a mixed solvent with a variable composition;
see Table 1. Furthermore, its properties can vary significantly
depending on the source and the storage conditions, as shown
in Table 2. Olive oil is not necessarily well approximated
as a homogeneous continuum; there may be preferential

(77) Abraham, M. H. Scales of solute hydrogen-bonding: their
construction and application to physicochemical and biochemical
processes. Chem. Soc. Rev. 1993, 22, 73-83.

(78) Abraham, M. H., New solute descriptors for linear free energy
relationships and quantitative structure-activity relationships. In
Quantitative treatments of solute/solvent interactions; Politzer,
P., Murray, J. S., Eds.; Theoretical and Computational Chemistry;
Elsevier: Amsterdam, 1994; Vol. 1, pp 83—134.

(79) Hawkins, G. D.; Cramer, C. J.; Truhlar, D. G. Parameterized
model for aqueous free energies of solvation using geometry-
dependent atomic surface tensions with implicit electrostatics.
J. Phys. Chem. B 1997, 101, 7147-7157.

(80) Hawkins, G. D.; Liotard, D. A.; Cramer, C. J.; Truhlar, D. G.
omNisoL: Fast prediction of free energies of solvation and
partition coefficients. J. Org. Chem. 1998, 63, 4305-4313.
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Table 9. Comparison of Predictions of SM8T-OO and the Temperature Independent Model, oo = 0.19, to Average
Experimental Free Energies of Transfer from Olive Oil to Water, AGaq—o0 (kcal/mol) at Various Temperatures (K)

o=0.19 SM8T-00 expt temp
Hydrocarbons
ethene —1.47 -1.33 —1.62 310
cyclopropane —3.08 —2.83 —2.45 310
benzene —3.36 —3.68 —3.15 293
phenanthrene —5.78 —6.43 —6.52 293
Alcohols
methanol 1.90 1.90 2.88 293
ethanol 0.61 0.61 2.11 293
ethanol 0.32 0.87 1.89 310
ethanol 0.32 0.87 1.89 310
1,2-ethanediol 2.68 2.97 4.71 298
1-propanol —0.16 —0.18 1.23 293
2-propanol —0.11 —0.16 1.87 293
1,2-propanediol 1.83 1.75 3.93 293
glycerol 3.59 3.51 5.88 293
1-butanol —0.68 —0.69 0.40 293
2-butanol —0.96 -0.97 0.51 293
1,3-butanediol 1.32 1.34 3.36 293
1,4-butanediol 1.35 1.38 3.80 293
2,3-butanediol 0.59 0.57 3.50 293
1,5-pentanediol 0.84 0.83 3.13 293
phenol -1.19 —1.47 -1.11 293
1,6-hexanediol —0.05 —0.03 3.08 293
thymol —4.20 —4.47 —3.95 293
menthol —4.56 —4.61 —3.31 293
propofol —6.17 —5.50 —5.20 310
Ethers
ethyl vinyl ether —1.68 —1.85 0.43 293
diethyl ether —1.55 -1.57 —0.52 293
paraldehyde 0.26 0.20 —0.40 293
1,1-diethoxyethane —1.40 —1.41 —1.28 293
1,4-dimethoxybenzene —-1.82 —2.20 —-3.09 293
Compounds Containing Both OH and Ether Functionality

2-methoxyethanol 2.09 2.1 3.19 293
2-ethoxyethanol 0.30 0.30 2.44 293
diethylene glycol monomethyl ether 1.08 —0.01 3.37 293
diethylene glycol monoethyl ether —0.01 1.08 3.15 293
piperonal 0.71 0.09 —2.08 293

Aldehydes and Ketones
acetone 0.50 0.27 0.95 293
2,5-hexanedione —0.59 -0.97 1.55 293

Compounds Containing OH, Ether, and Aldehyde Functionality
vanillin 2.16 1.70 —0.64 293
Carboxylic Acids

acetic acid 1.26 1.16 2.15 298
acetic acid 1.26 1.16 1.84 298
propanoic acid —0.02 —0.10 1.13 298
butanoic acid —0.66 —0.74 0.50 298
butanoic acid —0.66 —0.74 0.30 298
pentanoic acid —1.44 —1.53 —0.58 298
pentanoic acid —1.44 —1.53 —0.68 298
3-pentanoic acid —1.48 —1.54 —0.38 298
hexanoic acid —2.27 —2.36 —-1.18 298
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Table 9. continued

o =0.19 SM8T-O0 expt temp
salicylic acid 0.77 0.34 —1.42 293
heptanoic acid —2.97 —3.14 —2.40 296

Esters
methylacetate 0.51 0.20 0.52 293
ethylacetate —0.30 —0.61 —0.71 293
ethylacetoacetate 0.61 0.15 —0.06 293
coumarin 0.25 —0.45 —1.72 293
triacetin 5.06 4.26 0.74 293
triacetin 5.06 4.26 0.51 293
Amines
procaine —2.88 —2.43 0.66 310
morphine 0.09 1.81 1.50 310
codeine —1.07 0.28 0.08 310
imipramine —8.68 —7.22 —2.75 310
Heterocycles Containing N
pyridine —0.39 —0.81 0.03 293
nicotine —2.19 —0.81 —0.47 310
acridine —3.48 —2.48 —3.26 309
1-aminoacridine —1.39 —-1.79 —2.54 293
2-aminoacridine —1.64 —1.99 —2.79 293
3-aminoacridine —0.90 —-1.25 —2.65 293
4-aminoacridine —2.46 —2.84 —4.37 293
aminopyrine —1.99 —2.71 0.84 293
Amides, Ureas, and Thioureas
formamide 4.90 5.23 4.44 293
urea 5.81 6.59 5.41 293
thiourea 3.26 3.81 4.14 293
acetamide 3.74 4.16 4.37 293
methylurea 4.25 4.60 4.76 293
acrylamide 2.80 3.18 3.46 293
butylamide 1.94 2.36 2.86 293
pentanamide 1.17 1.57 1.63 293
benzamide 1.20 1.01 0.62 293
benzamide 0.92 1.30 0.51 309
acetanilide 0.58 0.20 —0.21 293
Carbamates
methylcarbamate 4.88 5.45 1.98 293
methylcarbamate 4.88 5.45 213 293
urethane 4.08 4.65 1.20 293
urethane 4.08 4.65 1.45 293
N-phenylurethane —1.04 —1.34 —2.96 293
Compounds Containing Both OH and Amide Functionality
salicylamide 1.64 1.92 —0.61 293
Compounds Containing Both Ether and Amide Functionality
phenacetin 0.80 0.41 —0.73 293
Heterocycles Containing N with Amide Functional Groups (i.e., Barbitals and Xanthines)

caffeine —1.96 —1.83 1.52 310
veronal —-1.17 —1.36 1.36 293
veronal —-1.17 —1.36 0.99 293
probarbital —1.21 —1.38 0.20 293
amobarbital —2.72 —2.93 —0.65 293
antipyrine —1.58 —0.84 1.97 310
pentobarbital —2.98 —3.16 —0.91 293
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Table 9. continued

o =0.19 SM8T-00 expt temp
phenobarbital —2.76 —3.21 —0.26 293
phenobarbital —3.27 —3.18 0.08 310
phenytoin —4.01 —3.97 —2.36 310
Cyanides
dimethylcyanamide —-1.07 —2.02 1.62 293
cyanoguanidine —0.76 —-1.79 4.72 293
Compounds Containing ClI
carbon tetrachloride —4.25 —-3.91 —-3.77 293
chloroethane —1.95 —1.85 —2.18 293
2-chlorobiphenyl —6.32 —6.51 —6.95 298
2,4'-dichlorobiphenyl —7.07 —7.22 —8.08 298
2,3,4,5-tetrachlorobiphenyl —8.29 —8.45 —-9.13 298
2,2',5,5'-tetrachlorobiphenyl —8.22 —8.32 —8.09 298
2,2',6,6'-tetrachlorobiphenyl —8.10 —8.22 —8.46 298
3,3',4,4'-tetrachlorobiphenyl —8.52 —8.67 —10.01 298
3,3',4,4' 5-pentachlorobiphenyl —-9.25 —9.39 -10.77 298
2,2',3,3',4,4'-hexachlorobiphenyl —-9.73 —9.87 —10.26 298
2,2',4,4' 6,6'-hexachlorobiphenyl —9.77 —9.82 —10.06 298
3,3',4,4',5,5'-hexachlorobiphenyl —10.19 —10.32 —10.84 298
2,2',3,3',4,4',5,5'-octachlorobiphenyl -11.19 -11.29 —11.48 298
decachlorobiphenyl —-11.76 —-11.85 —11.77 298
Compounds Containing Both Cl and OH Functionality
chloralhydrate —0.90 —1.39 0.94 291
chloralhydrate —1.37 —0.80 1.09 309
Compounds Containing Both Cl and Carboxylic Acid Functionality
chloroacetic acid 0.07 0.05 1.56 298
dichloroacetic acid —1.16 —1.18 0.43 298
3-chloroproprionic acid -0.71 —0.74 0.75 298
Compounds Containing Both Cl and Nitro Functionality
chloropicrin —-1.79 —1.80 —3.43 293
Compounds Containing F, Cl, and Ether Functionality
methoxyflurane —3.18 —3.67 —3.29 310
Compounds Containing Br
bromoethane —2.51 —2.45 —2.47 293
Compounds Containing Both Br and Carboxylic Acid Functionality
bromoacetic acid —0.09 —0.19 1.02 298
2-bromopropanoic acid —1.04 —-1.14 0.26 298
2-bromobutanoic acid —1.56 —1.78 —0.20 293

solvation of certain functionalities by one or another
component of the solvent. The primary difference between
the two major components of the solvent, fatty acids and
triglycerides, is the presence or absence of a hydroxyl group,
which is a hydrogen-bond donor. By using Abraham’s
hydrogen-bond acidity and basicity terms to characterize first-
solvation-shell interactions, the SMx models account for
hydrogen bonding not only in the bulk electrostatic compo-
nent of the solvation free energy but also in the non-bulk-
electrostatic term.

3.A. Database Development. We first developed a data-
base of experimental free energies of solvation in olive oil.
These were obtained from air—olive oil partition coefficients
and from combinations of water—olive oil partition coef-
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ficients with air—water partition coefficients. The free energy
of solvation dictates the equilibrium of a solute (A) between
the gas phase (g) and olive oil (00):

AG:
A(g) — A(00) 3

All the free energies of solvation reported here correspond
to a 1 M ideal gas and a 1 M ideal solution; such free
energies of solvation are denoted as AGS. This choice of
standard states eliminates any change in the translational
entropy (called librational entropy in solution) upon solvation,
as discussed by Ben-Naim,®' and therefore AGY,. and
AAGY,,. in eqs 1 and 2 are both zero. Experimentally
determined standard-state free energies of solvation are
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Figure 3. Comparison of the predicted and experimental
free energies of transfer from water to olive oil over
the entire data set and for the two largest single-
temperature subsets.

Table 10. Errors in SM8T-OO and the Temperature
Independent Model, oo = 0.19, for Free Energies of
Transfer from Olive Qil to Water, AGr (kcal/mol)

SM8T-O0 o =0.19
AGr (kcal/mol) log K AGrt (kcal/mol) log K
MSE —0.57 —0.41 —0.56 —0.41
MUE 1.45 1.06 1.51 1.1
RMSE 1.85 1.36 1.88 1.38

usually reported for a 1 bar ideal gas and a 1 M ideal solution.
The standard-state free energy of solvation for a gas-phase
standard state of 1 bar is

AGg= AG%+ RT In(RTC*/P°) 4)

where R is the gas constant, C* is 1 M, P°is 1 bar, and T
is the temperature in kelvins. The second term on the right-
hand side of eq 4 equals 1.89 kcal/mol at 298 K and 2.00
kcal/mol at 310 K.

For an infinitely dilute solution, the partition coefficient
for process 3 is the Henry’s law constant, K, and AGS is
computed as

AG:=RT In(K}\/K*) )

where K* = 1 since we use 1 M as the concentration in
both phases. and T is the temperature at which the measure-
ment was taken. Henry’s law constants are tabulated using
a variety of units,? each of which corresponds to a different
standard state; all Henry’s law constants used in this work
were converted to K7, that is, molarity units.

Alternatively, the free energies of solvation in olive oil may
be computed from a combination of the free energy of solvation
in aqueous solution, AGs .4, and the free energy of transfer from

(81) Ben-Naim, A. Solvation thermodynamics; Plenum: New York,
1987.

(82) Staudinger, J.; Roberts, P. V. A critical compilation of Henry’s
law constant temperature dependence relations for organic
compounds in dilute aqueous solutions. Chemosphere 2001, 44,
561-576.

water to olive 0il, AGruq—o0- (See Figure 1.) The free energy
of solvation in aqueous solution was computed either by using
experimental data® or by using SM6°° to compute free energies
in aqueous solution. (SM6 is very similar to SM8 for aqueous
solutions.) The free energy of transfer, AGraq—o0, fOr various
solutes was computed from the water—olive oil partition
coefficients, Kyg—oo, as

AG}

Tag—o0 — KT ln(K:qﬂoo/ K*) (6)

Using a combination of experimental and computed free
energies of solvation, we developed a database based on 371
free energies of solvation, each of which corresponds to an
experimental value for a particular solute at a given tem-
perature. Prior to training, multiple measurements for the
same solute at the same temperature were averaged, yielding
335 energies in olive oil for 304 compounds. (See Supporting
Information for a list of all of the compounds in the data
set, the temperatures at which the free energies of solvation
were determined, and the experimental sources.)

3.B. Fitting the Data. SM8 has been developed for a wide
range of organic solvents for which the necessary solvent
descriptors are available. Three of the solvent properties
required for a prediction using SM8 are available for olive
oil from experiment, namely, ¢, y, and n. In the case of ¢, it
is possible to fit those data® % that do not involve
degradation of the oil from exposure to air and/or light using
linear functions of temperature:

€ =3.109 — 0.0074(T — 298) (7

In the case of n and v, in the spirit of SM8 and SMST the
experimental measurements at 298 K were used throughout,
and hence we used the constant value of 1.468%¢ for n and
32.80 for y.%’ 7% The SM8 descriptors ¢ and 1 were set to
zero since olive oil is primarily composed of triglycerides
and fatty acids having neither halogens nor aromatic carbon
atoms. Given these major components of olive oil, we set
equal to 0.45, which is characteristic of both types of
compounds.’®**7%® The a descriptor, however, cannot be

(83) Hyslop, W. H.; Carman, A. P. Undamped wave method of
determining dielectric constants of liquids. Phys. Rev. 1920, 15,
243-244.

(84) Kovalev, T. G.; Illarionov, V. V. Importance and future of olive
oil in the world market - an introduction to olive oil. J. Prakt.
Chem. (Leipzig) 1932, 135, 327-334.

(85) Bhattacharyya, G. N. Indian vegetable oils. II. Dielectric constant
and electric moment. Indian J. Phys. 1936, 10, 281-294.

(86) Aldrich Catalog of Fine Chemicals; Aldrich Chemical: Milwau-
kee, 2008; www.sigma-aldrich.com.

(87) Hughes, H. V. A new balance for the rapid determination of
surface tension. Trans., Inst. Rubber Ind. 1933, 8, 473-4717.

(88) Canals, E.; Flous, M. E. The surface tension of oils. J. Pharm.
Chim. 1934, 20, 241-243.

(89) Guyer, A.; Peterhans, E. The size of gas bubbles. I. Formation
by single capillaries. Helv. Chim. Acta 1943, 26, 1099-1107.

(90) Meyerstein, W.; Morgan, J. D. A centrifugal method of measuring
the surface tensions and interfacial tensions of liquids. Philos.
Mag. 1946, 37, 41-47.

(91) Alvarado, J. D. Mechanical properties of vegetable oils and fats.
Grasas Aceites (Seville) 1995, 46, 264-269.
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Table 11. Breakdown of the Contributions to the Free Energy of Solvation in Olive Oil Based upon Functional Group at 298

K (kcal/mol)
F Cl Br ether remainder total
Bulk Electrostatic
desflurane 0.70 0.43 —2.03 —0.90
enflurane 0.73 0.08 0.37 —2.06 —0.88
halopropane 1.03 0.04 —2.05 —0.98
halothane 0.13 0.05 0.04 -0.71 —0.49
sevoflurane 0.85 0.59 —2.76 —-1.32
Non-Bulk Electrostatic
desflurane 0.98 —0.64 0.08 0.43
enflurane 0.82 -1.13 —0.56 —0.09 —0.96
halopropane 0.63 —2.01 —0.53 —1.91
halothane 0.48 -1.10 —-1.93 —0.20 —2.75
sevoflurane 1.07 —0.66 0.15 0.56
Total
desflurane 1.68 0.00 0.00 —0.21 —1.95 —0.47
enflurane 1.55 —1.05 0.00 —0.19 —2.15 —1.84
halopropane 1.66 0.00 —1.97 0.00 —2.58 —2.89
halothane 0.61 -1.05 -1.89 0.00 —0.91 —-3.24
sevoflurane 1.92 0.00 0.00 —-0.07 —2.61 —0.76

Table 12. Breakdown of the Contributions to the Free Energy of Solvation in Water Based upon Functional Group at 298 K

(kcal/mol)
F Cl Br ether remainder total
Bulk Electrostatic
desflurane 0.39 0.91 —5.33 —4.02
enflurane 0.42 0.11 0.81 —5.09 —3.75
halopropane 0.84 —0.01 —4.25 —3.42
halothane —0.18 0.08 0.06 —1.33 —1.37
sevoflurane 0.04 0.90 —5.63 —4.68
Non-Bulk Electrostatic
desflurane 4.28 —0.50 0.57 4.35
enflurane 3.56 0.00 —0.40 0.44 3.60
halopropane 2.73 —0.83 0.43 2.33
halothane 2.09 0.00 —0.80 0.14 1.43
sevoflurane 4.66 —0.69 0.81 4.78
Total
desflurane 4.67 0.00 0.00 0.41 —4.76 0.33
enflurane 3.98 0.11 0.00 0.41 —4.65 -0.15
halopropane 3.57 0.00 —0.84 0.00 —3.82 —1.09
halothane 1.91 0.08 -0.74 0.00 —-1.19 0.06
sevoflurane 4.70 0.00 0.00 0.21 —4.82 0.10

as easily defined, since for long chain esters a value of 0.00
is appropriate,’®**%> while for fatty acids a value of 0.60
would be expected.”®*° If a weighted value of a. were to be
assigned based upon composition, it would be ~0.01, which
is insignificant; however, our investigation, as well as that
of Abraham and Ibrahim,* suggests that olive oil does
exhibit significant hydrogen bond acidity. Thus a practical
alternative is to optimize a value for a such that SM8T best

(92) Supran, M. K.; Acton, J. C.; Howell, A. J.; Saffle, R. L. Surface
tension of common aqueous and organic phases in food emul-
sions. J. Milk Food Technol. 1971, 34, 584-585.
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reproduces the free energies of solvation in the olive oil

database.
The free energy of solvation computed using SMS§ or
SMST depends on o both through the bulk electrostatic term

(93) Michalski, M.-C.; Desobry, S.; Pons, M.-N.; Hardy, J. Adhesion
of edible oils to food contact surfaces. J. Am. Oil Chem. Soc.
1998, 75, 447-454.

(94) Abraham, M. H.; Whiting, G. S.; Doherty, R. M.; Shuely, W. J.
Hydrogen bonding. XVI. A new solute solvation parameter, 7,
from gas chromatographic data. J. Chromatogr. 1991, 587, 213—
228.
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Figure 4. Bulk electrostatic and non-bulk electrostatic contributions to the free energy of solvation for

halogen-containing compounds in olive oil.

and through the CDS term. The bulk electrostatic contribution
to the free energy of solvation, AGgnp, depends in nonlinear
fashion on o through the radii;'® therefore, to efficiently
optimize o, we fit AGgnp as a function of o for a constant
value of the dielectric constant, ¢ = 3.10, using

AGgpplo, e =3.10] = a0’ + ba + ¢ ®)

where a, b, and ¢ are coefficients, and o was varied from 0.00
to 0.43. To account for the effect of the temperature dependent
dielectric constant, &(7), upon the bulk electrostatic contribution
to the free energy of solvation the following ratio was used:

AGgypla, e(1)] ={ 1— [1/5(T)]} 9)

AGgpla,e=3.10] |1—(1/3.10)

where &(7) is given by eq 7. Equation 9 is can be derived
from the generalized Born equation if the intrinsic Coulomb
radii and partial atomic charges of the solute are held
constant. We found that this approximation is adequate for
the small changes in the dielectric constant that occur in olive

(95) Abraham, M. H.; Andonian-Haftvan, J.; Hamerton, I.; Poole,
C. F.; Kollie, T. O. Hydrogen bonding. XXVIII. Comparison of
the solvation theories of Abraham and Poole, using a new acidic
gas-liquid chromatography stationary phase. J. Chromatogr.
1993, 644, 351-360.

oil in the temperature range 293—310 K. Combining eqs 8
and 9 results in the following equation for the bulk
electrostatic contribution to the free energy of solvation as
a function of o and &(7):

AGgypla, e(T)] = { %} (a0’ + bo+c) (10)

The AGcps(T) term of eq 2 in SM8T was parametrized
for olive oil (SM8T-OO) by using the same choices of which
parameters to optimize as those identified in the development
of SMST for water, but for olive oil we also include an
additional term for the HS group in thiols, oﬁm)l. Thus, at
any temperature 7, we have

m=zZk T

Geps = G,p(Ty) + z (C’ﬁzku + z z (0027 F ZkZmr)Ak +
k
Y GAT =T+ ofALT—Ty) = TIn(T/Ty)] (11)
k k

where Z; is the atomic number of atom k; 7 is a label for a
geometry-dependent function, F7z r; Ak is the SASA of atom
k; Gyup(Tp) is the sum of the contribution dependent on y, n,
and f at the reference temperature; and the other contributions
are indicated explicitly. The fitting parameters are o plus the
sets of of and of. These parameters were optimized simulta-
neously to minimize the mean unsigned error (MUE).
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335
B EEE Z IAGS(Exp;i) — AGgyp(i) — AGepg(Cale;i)l

(12)

During the optimization, the magnitudes of the of and of
were restricted to be no greater than 534 ccal A~ mol ™!
K™', which is twice the largest such coefficient in SMBST. %30
This was done to ensure that we did not introduce unstable
parameters into the new model associated with data sparsity
in olive oil compared to the prior aqueous parametrization
over a more diverse training set. Additionally o was
constrained to be between 0 and 1, these being the limits on
this quantity defined by Abraham.”®

The calculations were carried out using MN-GSM” (a
locally developed module of the Gaussian®® computer
program), and SMST is also available in GAMESSPLUS,””
in SMXGAUSS'® (a code that was developed within our
group to allow use of our solvation models with Gaussian-
style input), and in HONDOPLUS.'?" The electronic struc-
ture of each compound was optimized in the gas phase with
the mPW1'%? density functional using the 6-314+G(d,p)'*>'**
basis set.

4. Results

Solvation model 8 with temperature dependence for olive
oil (SM8T-00) was developed by optimizing a, of, and of
parameters with all temperatures considered simultaneously
and using the values given in section 3.B for the remaining
solvent descriptors. We find that the optimum o is 0.10; the
optimized coefficients for the temperature-dependent CDS
term are shown in Table 3. As the coefficients in Table 3
are determined from a test set spanning a relatively narrow
temperature range, we recommend using SM8T-OO only for
the temperature over which we had data, which is 291 to
310 K.

Table 4 shows the MUE, along with the mean signed error
(MSE), and the root mean squared error (RMSE) for both
SM8T-0O0 (last row) and the 1-parameter model using only
Abraham’s hydrogen bond acidity, a, as a free parameter
(first row). It also shows the results of single-temperature
fits for the three temperatures at which we had the most data.
SM8T-00 has a MUE of 0.87 kcal/mol and a RMSE of
1.21 kcal/mol.

Including the temperature-dependent coefficients gives
only a small improvement for SM8T-OO compared to the
1-parameter model. Moreover, the experimental error as-
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Gepg (keal/mol)
F 0.123 0031 F
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0.697 0.709 -0.795
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0.000 0033 F e 0.682
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Figure 5. Bulk electrostatic and non-bulk electrostatic
halogen-containing compounds in water.
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sociated with different measurements at the same temperature
is on the order of reported variations in the free energy of
solvation measured at different temperatures (Table 5),
consistent with the comment of Leo et al.'® that the effect
of temperature upon solvation in olive oil is negligible.
Nevertheless the free energy of solvation is a function of 7,
and so we include temperature dependence in SM8T-OO to
the extent that the data properly reflect it.

Figure 2 shows the full performance of the model. There
are a number of points whose errors are greater than twice
the RMSE of the model. Removal of these points does not

(96) Abraham, M. H. The determination of air/water partition
coefficients for alkyl carboxylic acids by a new indirect method.
J. Environ. Monit. 2003, 5, 747-752.

(97) Chamberlin, A. C.; Kelly, C. P.; Xidos, J. D.; Li, J.; Thompson,
J. D.; Hawkins, G. D.; Winget, P. D.; Zhu, T.; Rinaldi, D.;
Liotard, D. A.; Cramer, C. J.; Truhlar, D. G.; Frisch, M. J. MN-
GSM, 6.2; Univeristy of Minnesota: Minneapolis, MN, 2007.

(98) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven,
T.; Kudin, K. N.; Burant, J. C.; Millam, J. M.; Iyengar, S. S.;
Tomasi, J.; Barone, V.; Mennucci, B.; Cossi, M.; Scalamani,
G.; Rega, N.; Petersson, G. A.; Nagatsuji, H.; Hada, M.; Ehara,
M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakajima,
T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li, X.; Knox,
J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.
Morokuma, K.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.;
Zakrzewski, V. G.; Dapprich, S.; Daniels, A. D.; Strain, M. C.;
Farkas, O.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K.;
Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.; Clifford,
S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.;
Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.;
Al-Laham, M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe,
M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W_;
Gonzalez, C.; Pople, J. A. Gaussian 03, Revision C.01; Gaussian:
Pittsburgh, PA, 2003.

(99) Chamberlin, A. C.; Kelly, C. P.; Pu, J.; Thompson, D. J.; Xidos,
J. D.; Li, J.; Zhu, T.; Hawkins, G. D.; Chuang, Y.-Y.; Fast, P. L.;
Lynch, B. J.; Liotard, D. A.; Rinaldi, D.; Gao, J.; Cramer, C. J.;
Truhlar, D. G. GAMESSPLUS, 4.8; University of Minnesota:
Minneapolis, 2007; software can be obtained from http://
comp.chem.umn.edu/gamessplus.

(100) Chamberlin, A. C.; Kelly, C. P.; Thompson, D. J.; Lynch, B. J.;
Xidos, J. D.; Li, J.; Hawkins, G. D.; Zhu, T.; Volobuev, Y.;
Dupuis, M.; Rinaldi, D.; Liotard, D. A.; Cramer, C. J.; Truhlar,
D. G. SMXGAUSS, 3.4.1; University of Minnesota: Minneapolis,
MN, 2007; software can be obtained from http://comp.chem.
umn.edu/smxgauss.

(101) Nakamura, H.; Xidos, J. D.; Chamberlin, A. C.; Kelly, C. P.;
Valero, R.; Thompson, D. J.; Li, J.; Hawkins, G. D.; Zhu, T.;
Lynch, B. J.; Volobuev, Y.; Rinaldi, D.; Liotard, D. A.; Cramer,
C. J.; Truhlar, D. G. HONDOPLUS, 5.1; University of Min-
nesota: Minneapolis, MN, 2007;software can be obtained from
http://comp.chem.umn.edu/hondoplus.

(102) Adamo, C.; Barone, V. Exchange functionals with improved
long-range behavior and adiabatic connection methods without
adjustable parameters: the mPW and mPW 1PW models. J. Chem.
Phys. 1998, 108, 664-675.

(103) Hariharan, P. C.; Pople, J. A. Influence of polarization functions
on MO hydrogenation energies. Theor. Chim. Acta 1973, 28,
213-222.

significantly change the model and merely decreases the error
of the model against the data set. The outlying solutes do
not possess a recognizable common property, and so they
have been retained in the interest of reporting a realistic
estimate of the error of the model. SM8T-OO errors are
larger than those reported by Abraham and Ibrahim*® over
their 310 K data set (Table 6). However, SM8T-OO has been
trained on a broader range of temperatures and solutes than
are contained in their data set, which is a subset of ours.

One of the primary objectives of this project was to derive
a model that could be usefully applied to drug-like com-
pounds, and so we further investigated the accuracy of the
model for a small collection of compounds with known
anesthetic, analgesic, or other bioactive properties (Table 7).
The MUE of SM8T-0O for these molecules is 1.25 kcal/
mol (Table 8); while these molecules were included in the
SM8T-00 parametrization in order to deliver as robust a
parametrization as possible, their removal led to very small
changes in optimized parameter values, so our results would
be little changed had we employed them as an external test
set. The average spread of errors for these drug-like
molecules is larger than the error for the remainder of the
data set. One point of particular interest is that the model
serves quite well for a variety of functionalities, and the error
in the model correlates only weakly with increasing size of
solutes: the average molecular weight of drug-like com-
pounds having errors greater than the MUE of 1.25 kcal/
mol is 215 g/mol, while the average molecular weight of
the remaining compounds is 189 g/mol.

The SM8T-OO0 model does exhibit some trends in its error
with regard to types of compounds. The most notable
example is the barbitals which have a mean unsigned error
of 3.00 kcal/mol, whereas the fluranes have a mean unsigned
error of 0.50 kcal/mol. Barbitals include amides in N-
heterocyclic rings (see Table S3 of the Supporting Informa-
tion for a list of the functional groups present in each drug-
like compound), and we observe that 100% of the ketone-
containing compounds, 79% of the N-heterocyclic compounds,
and 71% of the amide-containing compounds in the drug
set possess errors greater than the MUE (Table 7). Further
investigation of the effect of different functional groups on
the error of SM8T-OO across the entire data set reveals that
81% of the ketone-containing compounds in the data set and
54% of the N-heterocycles have RMSEs greater than the
overall RMSE of SM8T-OO. Other functional groups exhibit
smaller errors.

So far we have focused on air—water partitioning, but
water—olive oil partitioning is of special interest in most
bioavailability studies. To test whether SM8T-OO is ap-
plicable to water—olive oil partitioning, we used the SM8T
and SM8T-OO models to predict water—olive oil free
energies of transfer, AGraq—oo. For this purpose, we only
considered that subset of our database for which experimental
water—olive oil partition coefficients were available; these
are listed in Table 9 and shown in Figure 3. The mean
unsigned error of SM8T-OO for predicting air—olive oil
partitioning for the compounds in this data subset is 1.15
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kcal/mol. The predicted water—olive oil free energies of
transfer have a mean unsigned error of 1.45 kcal/mol (about
one log unit at 303 K; see Table 10), which is thus less
accurate than either SM8T for air—water or SM8T-OO for
air—olive oil. This increase in the MUE is disappointing,
but reflects to some extent the increased weight of outliers
identified previously, including salicylamide, salicylic acid,
and cyanoguanidine.

It is also interesting to investigate the effect of various
functional groups on the solvation of drug-like molecules.
(Tables 11 and 12). The method for partitioning SMx
solvation free energies into group contributions has been
explained elsewhere.'” One salient example in the current
data set is the positive contribution fluorine atoms make to
the total free energy of solvation of fluorinated compounds
in olive oil (Figure 4). It is evident that the increasing
fluorination of drug molecules decreases the solubility of
the compounds in olive oil relative to the gas phase. For
instance, compare the significantly positive contributions of
fluorine to the free energy of solvation in enflurane and
desflurane (Figure 4). Initially, this observation appears to
contradict the conventional wisdom that greater fluorination
increases a solute’s bioavailability by increasing its lipophili-
city.'” "1 However, when we consider the same effect of
fluorination upon the solvation free energy of these solutes
in water (Figure 5), we see that it makes an even larger
positive free energy contribution to aqueous solvation. Hence,
the observed preferential partitioning of fluorinated com-
pounds from blood into cell membranes is not so much due
to more favorable interaction with the membranes, i.e.,
lipophilicity, as it is to unfavorable interactions with water,
i.e., hydrophobicity.

Investigation of the effect of different halogens upon the
free energy of solvation in olive oil reveals that the
contributions to the free energy of solvation for F, Cl, and
Br in halothane in olive oil, which are 0.20 kcal/mol

(104) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab
initio molecular orbital theory; Wiley: New York, 1986; pp 71—
88.

(105) Leo, A.; Hansch, C.; Elkins, D. Partition coefficients and their
uses. Chem. Rev. 1971, 71, 525-616.

(106) Giesen, D. J.; Chambers, C. C.; Cramer, C. J.; Truhlar, D. G.
What controls the partitioning of nucleic acid bases between
chloroform and water? J. Phys. Chem. B 1997, 101, 5084-5088.

(107) Weber, S. J.; Abbruscato, T. J.; Brownson, E. A.; Lipkowski,
A. W.; Polt, P.; Misicka, A.; Haaseth, R. C.; Bartosz, H.; Hruby,
V. J.; Davis, T. P. Assessment of an in vitro blood-brain barrier
model using several [MetS]enkephalin opioid analogs. J. Phar-
macol. Exp. Ther. 1993, 266, 1649-1655.

(108) Fauchere, J.-L. Lipophilicity in peptide chemistry and peptide
drug design. Methods Principles Med. Chem. 1996, 4, 355-373.

(109) Le, T. D.; Arlauskas, R. A.; Weers, J. G. Characterization of
the lipophilicity of fluorocarbon derivatives containing halogens
or hydrocarbon blocks. J. Fluorine Chem. 1996, 78, 155-163.

(110) Gentry, C. L.; Egleton, R. D.; Gillespie, T.; Abbruscato, T. J.;
Bechowski, H. B.; Hruby, V. J.; Davis, T. P. The effect of
halogenation on blood-brain barrier permeability of a novel
peptide drug. Peptides 1999, 20, 1229-1238.
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(average), —1.05 kcal/mol, and —1.89 kcal/mol, respectively,
become more and more favorable with the increasing atomic
number of the halogen (Figure 4 and Table 11; cf. the free
energy contributions of F and CI in enflurane, 0.31 kcal/
mol (average), and —1.05 kcal/mol, respectively). In olive
oil, fluorine alone among the halogens makes a positive
contribution to the free energy of solvation. The free energy
contributions of F, Cl, and Br to solvation of halothane in
water, by contrast, are 0.64 kcal/mol (average), 0.08 kcal/
mol, and —0.74 kcal/mol respectively. For the case of
enflurane in water, the contributions of F and Cl are 0.80
and 0.11 kcal/mol respectively. In each of these cases, it is
apparent that solvation of all of the halogens in olive oil is
more favorable than in water. However, the free energy of
transfer from water to olive oil for F, Cl, and Br varies
significantly. For instance, for enflurane the free energy
contributions for F, Cl, and Br to the free energy of transfer
from water to olive oil are —0.44, —1.13, and —1.15 kcal/
mol, respectively. While the individual free energy contribu-
tions of F, Cl, and Br vary from compound to compound,
the contribution of each atom to the free energy of transfer
does not vary much. The contributions to the free energy of
transfer from water to olive oil by F and Cl in enflurane are
—0.49 and —1.16 kcal/mol respectively, and in halothane
the contributions of F and Br are —0.48 and —1.13 kcal/
mol, respectively. These results agree with prior observa-
tions'* that group free energies of transfer are highly
transferable for substituted nucleic acids partitioning between
water and chloroform. The difference in the effect of F upon
the transfer free energy compared to the effect of chlorine
is quite large, ~0.7 kcal/mol, while the difference between
the energetically more favorable Cl and Br is very small.
This result agrees with the experimental observation that
substitution of F for Cl in halogenated compounds can
significantly reduce the bioavailability/lipophilicity of the
compound, 110:112:113

(111) Hanif, K.; Gupta, K.; Gupta, S.; Gupta, Y. K.; Maiti, S.; Pasha,
S. Chimeric peptide of met-enkephalin and FMRFa: Effect of
chlorination on conformation and analgesia. Neurosci. Lett. 2006,
403, 131-135.

(112) Weber, S. J.; Greene, D. L.; Sharma, S. D.; Yamamura, H. L.;
Kramer, T. H.; Burks, T. F.; Hruby, V. J.; Hersh, L. B.; Davis,
T. P. Distribution and analgesia of [3H][D-Pen2,D-Pen5]enkephalin
and two halogenated analogs after intravenous administration.
J. Pharmacol. Exp. Ther. 1991, 259, 1109-1117.

(113) Abbruscato, T. J.; Williams, S. A.; Misicka, A.; Lipkowski,
A. W.; Hruby, V. J.; Davis, T. P. Blood-to-central nervous system
entry and stability of biphalin, a unique double-enkephalin
analog, and its halogenated derivatives. J. Pharmacol. Exp. Ther.
1996, 276, 1049-1057.

(114) Luchetti, F. Importance and future of olive oil in the world market-
an introduction to olive oil. Eur. J. Lipid Sci. Technol. 2002, 104,
559-563.

(115) Salunkhe, D. K.; Chavan, J. K.; Adsule, R. N.; Kadam, S. S.
World oilseeds: Chemistry, technology, and utilization; Van
Nostrand Reinhold: New York, 1992.

(116) Harwood, J. L., Aparicio, R., Eds. Handbook of olive oil:
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5. Conclusion

We developed and investigated a solvation model, called
solvation model 8 with temperature dependence for olive
oil (SMS8T-0O0), for predicting olive oil partition coefficients.
SMS8T-OO0 reproduces the temperature-dependent air—olive
oil partition coefficients over a range of 291 to 310 K for
304 compounds with a mean signed error of 0.87 kcal/mol,
which corresponds to 0.64 log unit in base 10. SM&8T-OO
involves only 15 parameters to account for temperature
dependence and one optimized descriptor to account for a
wide range of functionality including compounds of phar-
macologic interest. SM8T-OO was then used to investigate
the preferential solvation of halogenated compounds in olive
oil. The driving force for the preferential solvation of such

(117) Rudan-Tasic, D.; Klofutar, C. Characteristics of vegetable oils
of some Slovene manufacturers. Acta Chim. Slov. 1999, 46, 511—
521.

compounds in olive oil is the more unfavorable interactions
halogens such as F or Cl have with water rather than the
favorable interactions that they have with olive oil.
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