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Abstract

Octanol—water partition coefficients (K,,,) for 57 terpenoids were measured using a RP-HPLC method. Sample detection
was achieved with standard UV and refractive index detectors and required no special column treatment. Measured log K,
values for the terpenoids ranged from 1.81 to 4.48 with a standard error of between 0.03 and 0.08 over the entire range.
Partition coefficients determined by the RP-HPLC method were compared against shake flask, atom/fragment contribution,
fragment and atomistic methods. The HPLC values were found to give the best correlation with shake flask results. Log K,
values calculated by the atom/fragment contribution method gave the best correlation with the HPLC values when compared
to fragment and atomistic methods. [ 1999 Elsevier Science BV. All rights reserved.
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1. Introduction

Since the work of Hansch and Fujita [1] the
octanol—water partition coefficient (K,,) has been
widely accepted as providing a good indication of
the distribution of analytes into biological mem-
branes [2—4]. This has made it one of the most
commonly reported physical properties of drugs,
pesticides and other chemicals [5,6]. This is not
surprising since in order for compounds to have
biological activity they must be able to traverse or at
least partition into biological membranes [5].

The use of high-performance liquid chromatog-
raphy (HPLC) methods for the determination of log
K, 1S growing in use [7]. There are many examples
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in the literature of its successful use in predicting log
K,, for a wide range of compounds [2,8]. These
predicted log K, values have also been successfully
correlated with biological data in many instances.
Several examples are given in a review by Carney
(1985) [9].

Determination of log K, by reversed-phase (RP)
HPLC is highly dependent on the retention of solutes
and therefore the capacity factor (k'). The k' of a
compound on a RP-HPLC column can be related to
K, using the relationship between different parti-
tioning systems derived by Collander as follows;

logK,, =alogk’ +b (1)

where a and b are empirical constants which char-
acterise the solvent system in question.

Even though k' can be related to K, k" will, for a
given solute and stationary phase, depend on the
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composition of the mobile phase mix used in elution
[10]. Therefore it has been suggested that k' should
be determined using pure water as eluent (k,,). In this
case the capacity factor will be independent of any
organic modifier effects and the polar—non-polar
partitioning will be more similar to shake flask
measurements and dependent on the solute's struc-
ture and polar functionalities [11]. Under most
conditions, however, pure water cannot be used as
the eluent due to inordinately long retention times.
Hence an organic modifier must be added [2,12].

k, can be calculated if k' is determined over a
range of modifier concentrations and extrapolated
back to 0% modifier (k,,) [1,5]. Experimentally it has
been found that log k' is related to the volume
fraction (¢) of the organic modifier added to water as
follows [10,12];

logk’' =logk, + ce + de? (2)

where ¢ and d are empirical constants characterised
by the organic modifier in question.

This equation is quadratic and this can cause
problems with extrapolation to 0% modifier due to
the curvature which results when plotting log k'’
versus the volume fraction of the organic modifier
[2]. This issue has been reviewed by Lambert [5]
who suggested that methanol should be used as the
modifier at a single volume fraction (above 25-30%
but below 70% methanol) and without extrapolation.
This is because most of the curvature for methanol
occurs a volume fractions below 30% and above
70% and therefore extrapolated k' values determined
at volume fractions within this range will deviate
from the true k,, value and give poor correlations to
Ko [5]. In addition a volume fraction chosen within
the range specified above will have a minimal effect
on the stationary phase. This is important since it has
been suggested that at high modifier levels the eluent
is so unlike water that it becomes insensitive to
hydrophobicity and can hence give poor correlations
with biological data [5,7,12].

Alternatively, it has been suggested that polycratic
extrapolation suffers from less problems than mono-
cratic extrapolation since at only one modifier con-
centration there is a limitation to the range of
hydrophobicity able to be measured because of the
long retention times of highly lipophilic compounds.

The opposite problem can also occur for highly
hydrophilic compounds. Compounds either unre-
tained or retained too long may therefore have to be
measured using different column lengths or eluent
composition. This retention data must then be cross
correlated with the original conditions [13].

The greatest shortcoming of the HPLC method is
when the interaction of analytes with the stationary
phase are significantly different. This occurs espe-
cially when analytes have large differences in hydro-
gen bonding capability. Where this occurs correla
tions between k, and K_, can be improved by
separating compounds into classes according to their
hydrogen bonding properties [13]. Effects such as
this can occur especially where free silanol groups
occur on columns [2]. Thus highly endcapped col-
umns are recommended for the RP-HPLC method
[5,14,15]. Alternatively the addition of a masking
agent such as n-decylamine to the mobile phase may
suppress the necessary interactions [2]. However this
can introduce other variables into the method since
the masking agent can have selective effects on
retention times. Masking agents such as n-de-
cylamine can also ion pair with acidic solutes [5].

Another method of avoiding specific interactions
of solutes with the stationary phase of the column is
to saturate the column with octanol and use as the
eluent octanol saturated water. It has been suggested
that this method provides a much more redlistic
estimate of log K,,,. One limitation of this method
however is that compounds of very limited solubility
tend to give anomolously low log K, values [14].
Also when using water—methanol eluents the re-
quired dispersive interactions and hydrogen bonding
exists in the HPLC system thus precluding the need
for coating the stationary phase with octanol [12].

One of the greatest obstacles to estimating K, is
the difficulty in determining the reliability of the
results [7]. Hence estimation of K, via calculation
can be advantageous. Two of the more commonly
used calculation methods are fragment and atomistic
methods.

In fragment methods the molecule is regarded as
being a combination of a number of chemically
recognisable and common atoms or groups of atoms.
One of the more commonly used fragment methods
was developed by Leo and Hansch [10].

Rather than considering fragments, atomistic
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methods are based on contributions of single atoms.
Again these single atom contributions depend on the
local environment within the molecule. Ghose and
Grippen deduced contributions for 110 atom types
which was updated to 120 types by Viswanadhan et
al. [16].

Comparison of atomistic and fragment methods
lead to the conclusion by Mannhold et al. [17] that
the Hansch and Leo fragment technique and another
called the Rekker method generally gave more
accurate log K, estimations than the other types. In
general however, al calculation methods perform
better on simple rather than complicated molecules.

In this study log K_,, values were determined for
57 terpenoids using a smple RP-HPLC method and
compared with calculated values using both fragment
and atomistic methods.

2. Experimental
2.1. Terpenoids and standards

Standard compounds and terpencids were pur-
chased from Aldrich (Castle Hill, Australia) and
Fluka (Castle Hill, Austraia). The standard com-
pounds and terpenoids were of 95% purity or greater,
as determined by gas chromatography (GC), with the
following exceptions; a-terpinyl acetate (90%), 1,4-
cineole (75%), a-terpinene (85%), o-terpinolene
(89%), piperitone (92%), a-ionone (91%). Each of
these exceptions was the highest purity available at
the time of purchase. Stock solutions of standards
and terpenoids were made up in HPLC grade metha-
nol to a concentration of approximately 1 mg/ml.

2.2. Determination of log K, by RP-HPLC

Nine compounds (Table 1) of known log K, and
of similar chemical structure to that of the terpenoids
were used as standards in the determination of log
K, values. The three phenolic standards were used
for determination of log K, for phenolic and amine
terpenoids.

HPLC analysis of samples and standards was
carried out using a Hewlett-Packard 1090 HPLC
system fitted with an Alltech Altima C,; column
(150 mmXx4.6 mm I.D., pore size: 5 pm), diode

Table 1
Standards used for determination of log K, for terpenoids
Log K,,*
Non-phenolic standards
Benzyl alcohol 110
Benzaldehyde 1.48
Benzene 2.03
Toluene 2.61
Cyclohexene 2.86
p-Cymene 4.10
Phenolic standards
Phenol 1.48
Eugenol 2.99
Thymol 3.30

*K, Values are averages of values taken from Refs, [10]
and/or [18]. Only values determined by the shake-flask method
were used to calculate averages.

array detector and auto-injector. Detection of com-
pounds using the diode array was done at 215 nm
with 500 nm as the reference wavelength. Where
compounds were unable to be detected using diode
aray an Erma ERC-7510 refractive index (RI)
detector was fitted. Instrument conditions for all
analyses was as follows;, oven temperature: 37°C,
flow-rate: 1 ml/min, injection volume: 10 pl.

Each analysis was performed isocratically using a
range of methanol—water mixtures between 75 and
30% methanol with the water portion buffered to pH
7.2 using 0.02 M 4-morpholinepropanesul phonic
acid (MOPS). All compounds were analysed at a
minimum of four different methanol—water ratios,
however the lower limit of methanol able to be used
was governed by the polarity of the compounds
tested. Three injections were made for each ter-
penoid and five injections for the standards at each
methanol—water ratio. Retention times for the all
compounds were recorded at each methanol—water
ratio along with the hold time of the column as
estimated by the retention times of methanol used to
dissolve each sample.

The capacity factors (k') for terpenoids and stan-
dards were calculated at each methanol:water ratio
from retention times using the formula below;

K= (tz —to)to (3

where t; is the sample retention time and t, is the
mobile phase hold time as estimated by retention
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time of methanol. For the each standard and ter-
penoid a plot of k' versus proportion of organic
modifier (i.e., methanol) was generated and extrapo-
lated back to 0% modifier to determine the capacity
factor of each compound as if the eluent were 100%
water (k).

In the case of the standards k, was then plotted
against the known log K, of the compounds to form
a standard curve. Two separate standard curves were
plotted, one for non-amine and non-phenalics (log
K,,=143 log k,—0.60, r’=0.950, n=6, SE.=
0.27) and the other for amine and phenolic com-
pounds (log K,,=141 log k,—0.15, r?=0.989,
n=3, SE.=0.148). k, of the terpenoids was then
used to determine their log K, from these standard
Curves.

2.3. Determination of log K, by shake flask

Solutions of known terpenoid concentration were
prepared using type | water, pre-saturated with 1-
octanol (Aldrich ACS spectroscopic grade) for 24 h
prior to use. For those terpenoids suspected to have
log K,,, values of less than 3, equivalent volumes of
the terpenoid and octanol (pre-saturated with type |
water for 24 h before use) were added together. For
those terpenoids with a log K, suspected to be
greater than 3, aratio of 1 ml of octanol to 10 ml of
water was used. The resulting two-phase mixture
was repeatedly inverted for 1 h using a slow rotating
wheel (approx. 1 revolution/10 s) to which the
samples were attached.

After mixing, samples were centrifuged for 30 min
(6000 rpm) to ensure any possible emulsions were
removed. Both fractions of the sample were analysed
using a 6890 Hewlett-Packard GC system fitted with
an SGE BPX5 capillary column (50 mXx0.25 mm
I.D., 1 wm film thickness) and a flame ionization
detection (FID) system. The GC operating parame-
ters for the analysis were as follows: inlet tempera-
ture: 240°C, carrier gas. hydrogen at 40 cm/s,
injection size 1 pl, detector temperature: 280°C,
initial oven temperature 100°C for 5 min, increased
at 4°C/min to 160°C then increased at 45°C/min to
250°C and held for 5 min. Injector split ratios were
varied according to the sensitivity required. Quantita-
tion was achieved by use of external standards of
each of the terpenoids. External standards were run

at each of the split ratios and in each of the solvents
(i.e., water and octanol) used. Octanol fractions were
diluted in methanol before analysis to reduce column
overloading by octanal.

2.4. Molecular modelling and calculation of
molecular parameters

Compounds were constructed using the molecular
modelling program Chemsite version 2.0. These
structures were then transferred to the molecular
modelling program Molecular Modelling Pro where
log K,,, values were calculated using an atomistic
method developed by Ghose and Crippen [19] and a
fragment addition method developed by Hansch and
Leo [20]. These structures where then imported to
KOWWIN version 1.54 (Syracuse Research Corp.)
where the log K, values were calculated using an
atom/fragment contribution method as described in
Meylan and Howard [21].

3. Results and discussion
3.1. Precision of RP-HPLC method

The log K,,, values of 57 terpenoids examined in
this study, determined using HPLC, shake flask,
atomistic, fragment and atom/fragment contribution
methods, are shown in Table 2. Table 2 also shows
the standard error (S.E.) for the HPLC and shake
flask methods. It can be seen from this data that the
standard error in the HPLC measurements lies
between 0.03 and 0.08 while the standard error for
the shake flask results lies between 0.01 and 0.06.
Hence the HPLC method has a comparable level of
precision to the shake flask technique over the entire
log K, range (1.81-4.48) examined. Such con-
sistent precision at higher log K, values is advan-
tageous when compared to other HPLC methods
which use octanol treated columns since such meth-
ods are restricted to log K, values of around 3 due
to problems with peak detection [22].

Piraprez et a. [23] have aso shown the RP-HPLC
technique has consistent precision in a study of log
k, values of 96 aroma and flavour compounds. The
main difference in the method used by Piraprez et al.
[23] and our method was their addition of de-
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Log K,,, values of terpenoids determined using HPLC, fragment and atomistic methods

225

Compound Measured log K, Calculated log K,
RP-HPLC  SE. Shakeflask  SE. Fragment method ~ Atom/fragment contribution method ~ Atomistic method

p-Ment-6-ene-2,8-diol 181 003 111 001 094 229 144
(—)-cis-Myrtanylamine 2.05 0.03 3.22 2.88 181
(19)-(—)-Verbenone 2.23 0.04 2.22 321 252
Car-3-en-2-one 242 0.05 235 2.85 2.64
Linaool oxide 243 0.04 0.85 153 127
(%)-Camphor 274 0.05 2.34 3.04 2.95
(R)-(—)-Carvone 274 005 271 001 186 312 233
1,8-Cinecle 284 005 274 006 280 313 1.69
Piperitone 2.85 0.06 2.76 3.07 3.05
1,4-Cinecle 297 0.04 5.05 313 183
Myrtenal 2.98 0.06 271 278 2.08
(—)-Borneol 3.01 0.05 271 2.85 242
(cis, trans)-Isoeugenol 3.04 0.06 2.36 2.65 251
(=)-Menthone 3.05 0.07 2.68 2.87 315
Dihydrocarvone 3.08 006 285 001 214 2.86 2.76
(+)-Pulegone 3.08 0.06 2.76 320 277
(—)-Carveol 312 006 28 003 219 323 227
(—)-Perilla adehyde 313 0.06 273 334 222
(S)-cisVerbenol 3.16 0.06 204 2.73 195
(S)-(—)-Perilla acohol 317 0.06 2.38 3.36 193
(+)-Fenchol 317 0.06 258 2.85 257
(+)-1somenthol 319 0.07 3.14 3.38 2.78
Limonene oxide 320 0.06 3.05 343 184
Dihydrocarveol 321 0.06 2.60 337 2.39
(1R)-(—)-Myrtenol 322 0.07 2.36 2.80 1.79
(=)-Isoborneol 324 0.06 271 2.85 242
Terpinen-4-ol 326 006 280 001 260 333 2.16
a-Terpineol 328 0.06 2.70 333 2.02
(=)-Menthol 340 0.06 314 338 278
(%)-Menthol 340 0.06 314 338 278
(1S285S)-(—)-Myrtanol 341 0.08 3.03 2.89 2.16
Methyleugenol 345 0.07 2.75 3.03 2.59
Nerol 347 0.07 2.65 347 246
Carvacrol 349 007 375 001 383 352 342
Linal ool 350 0.07 243 338 252
(1R)-(—)-Fenchone 352 0.08 2.56 3.04 341
Geraniol 356 0.07 2.65 347 246
(R)-(+)-Citronellal 383 0.08 332 353 272
B-lonone 3.84 0.08 3.78 4.42 3.37
a-lonone 3.85 0.08 3.78 4.29 3.55
B-Citronellol 391 008 404 001 319 356 275
Linalyl acetate 393 0.07 5.45 439 221
a-(*)-Terpinyl acetate 3.96 0.06 5.72 4.34 1711
Neryl acetate 398 0.07 356 4.48 259
Menthyl acetate 4.00 0.05 427 439 291
Geranyl acetate 4.04 0.07 3.56 4.48 2.59
B-Pinene 416 0.05 434 435 2.84
(+)-Camphene 4.22 0.05 4.99 4.80 327
a-Terpinolene 4.24 0.05 4.36 4.88 271
a-Terpinene 4.25 0.05 4.36 475 2.89
y-Terpinene 4.36 0.05 4.36 4.75 2.89
(+)-Limonene 438 0.05 4.36 4.83 2.94
(=)-Limonene 4.38 0.05 4.36 483 294
Car-3-ene 438 0.05 447 461 2.80
Car-2-ene 4.44 0.06 447 461 2.80
(+)-a-Pinene 4.44 0.06 434 4.27 2.80
(=)-a-Pinene 4.48 0.06 434 427 2.80
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cylamine to the mobile phase as a masking agent to
combat silanotrophic effects on thiazole derivatives,
pyrazine derivatives, phenols and sulphur-containing
compounds which made up the majority of the
compounds tested. Although no masking agent was
used in our experiments, comparison of log k, for
compounds common to both studies showed good
agreement.

3.2, RP-HPLC method accuracy and comparison
to calculation techniques

To determine the accuracy of the HPLC method
and calculation techniques shake flask results were
plotted against each of the data sets. The resulting
correlation coefficients showed that the HPLC meth-
od was the most closely correlated (r°=0.94) to the
shake flask data followed by the atom/fragment
contribution (r*=0.87), fragment (r*=0.80) and
atomistic (r>=0.66) techniques.

Examination of the data in Table 2 shows that the
log K,, vaues derived by the three calculation

methods do not always match that obtained by HPLC
or shake flask. Additionally the different methods of
calculation do not always give the same result. When
the values from each of the calculation methods were
plotted against the HPLC data it was found that the
atom/fragment contribution method gave the best
correlation (r>=0.76) followed by the fragment (r*=
0.61) and then the atomistic methods (r *=0.26).

The fact that the atomistic method had the lowest
correlation with the HPLC method coupled with the
fact that this method also showed poor correlations
with the other two calculation methods (data not
shown) indicates that the atomistic method is not
appropriate for the estimation of log K, values for
terpenoids.

Degpite its statistically significant correlation with
the atom/fragment contribution method it is im-
portant to examine where the HPLC data deviates
from the calculated values. While Fig. 1 shows that
the atom/fragment contribution method has a reason-
ably consistent variability throughout the log K,
range studied, Fig. 2 shows that this is not the case
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Fig. 1. Comparison of log K, values measured by RP-HPLC and calculated by the atom/fragment contribution method.
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Fig. 2. Comparison of log K, values measured by RP-HPLC and calculated by the Leo fragment method.

for the fragment method. It can be seen in Fig. 2 that
most of the deviation occurs with terpenes that have
an alcohol, aldehyde, acetate or ketone functional
group.

Within the oxygenated compounds, aldehyde and
ketone terpenoids (r*=0.66, range=1.86-3.78, n=
14) were found to have a better correlation with the
fragment method values than acohols (r°=0.21,
range=1.79-3.42, n=20). Valid correlations for
acetates and hydrocarbons were unable to be de-
termined due to clustering of the data.

The disparity between calculated and RP-HPLC
values as seen in this study may be a reflection of the
complicating factors that oxygenated functional
groups introduce to the fragment methods predictive
capability when compared with more simple hydro-
carbons.

4. Conclusions

The RP-HPLC method used in this study was

found to be able to accurately determine log K.,
values for terpenes without any column treatment. It
operated with a consistent precision over a range of
log K,, Vvalues from 1.8-4.48 and showed good
correlation with the shake flask technique. When
estimation techniques were used to calculate log K,
values the atom/fragment contribution method was
found to be the most accurate.

Acknowledgements

We thank the Australian Tea Tree Oil Research
Ingtitute (ATTORI) for supplying severa of the
terpene standards used in this study.

References

[1] C. Hansch, T. Fujita, J. Am. Chem. Soc. 86 (1964) 1616.
[2] A. Bechaany, A. Tsantili-Kakoulidou, N. Tayar, B. Testa, J.
Chromatogr. 541 (1991) 221.



228 S. Griffin et al. / J. Chromatogr. A 864 (1999) 221-228

[3] J. Sangster, J. Phys. Chem. Ref. Data 18 (1989) 1111.

[4] H. Kubinyi, Prog. Drug Res. 23 (1979) 97.

[5] W. Lambert, J. Chromatogr. A 656 (1993) 469.

[6] A. Leo, Methods Enzymol. 202 (1991) 544.

[7] J. Leo, J. Pharm. Sci. 76 (1987) 166.

[8] R. Calvin, R. Fruttero, A. Gasco, J. Chromatogr. 547 (1991)
167.

[9] C. Carney, J. Lig. Chromatogr. 8 (1985) 2781.

[10] J. Sangster, Octanol-Water Partition Coefficients — Fun-
damentals and Physical Chemistry, Vol. 2, Wiley, Brishane,
1997.

[11] J. Dorsey, J. Chromatogr. A 656 (1993) 485.

[12] T. Braumann, J. Chromatogr. 373 (1986) 191.

[13] D. Minick, J. Frenz, M. Patrick, D. Brent, J. Med. Chem. 31
(1988) 1923.

[14] M. Mirrlees, S. Maulton, C. Murphy, P. Taylor, J Med.
Chem. 19 (1976) 615.

[15] J. McCall, J. Med. Chem. 18 (1975) 549.

[16] V. Viswanadhan, A. Ghose, G. Revankar, R. Robins, J.
Chem. Inf. Comput. Sci. 29 (1989) 163.

[17] R. Mannhold, R. Rekker, C. Sonntag, M. ter Laak, K. Dross,
E. Polymeropoulos, J. Pharm. Sci. 84 (1995) 1410.

[18] A. Leo, C. Hansch, D. Elkins, Chem. Rev. 71 (1971) 525.

[19] A. Ghose, G. Crippen, J. Chem. Inf. Comput. Sci. 29 (1988)
163.

[20] C. Hansch, A. Leo, Substituent Constants for Correlation
Analysis in Chemistry and Biology, Wiley, London, 1979.

[21] W. Meylan, P. Howard, J. Pharm. Sci. 84 (1995) 83.

[22] A. Kaune, R. Bruggemann, A. Kettrup, J. Chromatogr. A
805 (1998) 119.

[23] G. Piraprez, M.F. Herent, S. Collin, Flav. Frag. J. 13 (1998)
400.



