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ABSTRACT: The complete set of species-specific partition coeflicients was
determined, and the predominant contribution of zwitterionic species to the
overall lipophilicity was experimentally proven for the first time. The
compounds studied were the amphoteric eburnane alkaloid cis- and trans-
apovincaminic acids of therapeutic interest. Partition of the individual
microspecies was mimicked by model compounds of the closest possible
similarity, and then correction factors were determined and introduced. The
noncharged microspecies of the cis-epimer is 30 900 times as lipophilic as its
zwitterionic protonation isomer, while the analogous ratio for the trans-
epimer is around 15800. Due to the overwhelming dominance of the
zwitterionic form, however, its contribution to the overall lipophilicity
exceeds 8 and S times that of the noncharged form for the two epimers,
respectively. The lipophilicity profile of these zwitterionic compounds is
expressed, calculated, and depicted in terms of species-specific lipophilicities

logD

<. 2witterionic
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cationic

over the entire pH range.

1. INTRODUCTION

Lipophilicity is a molecular property of immense importance in
pharmacy, biochemistry, and medicinal chemistry. Its applica-
tions include such apparently diverse fields as drug design for
targeted delivery and development of chromatographic
separations. The ability of drugs to diffuse passively through
biological membranes has long been known to be largely
influenced by their lipophilicity.” The pH—partition hypothesis
postulates that absorption of ionizable drugs mainly takes place
in compartment(s) where the local pH ensures the maximum
concentration of the noncharged form relative to the ionized
form(s).> In addition, lipophilicity is a tool to unravel
biologically relevant intramolecular interactions and intermo-
lecular forces of recognition.”*

To quantitate lipophilicity, the commonly accepted param-
eter is log P, the logarithm of the partition coefficient. It is the
concentration ratio of a solute in a single electrical state, being
in equilibrium between two immiscible solvents. Octanol is the
most often used organic solvent, and the octanol—water
partition coefficient is the prime descriptor of lipophilicity in
quantitative structure—activity relationship (QSAR) studies.’
When more than one electrical species are present in solution,
the observed ratio of concentrations is the distribution
coefficient (D), which takes into account the intrinsic
lipophilicity of the various electrical species present (p;) and
their mole fractions in the aqueous phase (x;):

D=2 () 1)

The variation of log D as a function of the aqueous pH is the
lipophilicity profile. It is a sine qua non condition to understand
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the pharmacokinetic, toxicokinetic, and even pharmacodynamic
properties.6

For a long time the lipophilicity of ionizable drugs and
solutes has been underrepresented in the literature, due mainly
to the lack of reliable methods to determine the partition
coefficients of the ionic forms. This is especially true for
ionization/protonation isomers, such as the zwitterionic and
noncharged forms of amphoteric compounds.

Earlier attempts at the quantitation of microspecies-specific
partition coefficients were usually restricted to some of the
partitioning microspecies, due to the apparently unsurmount-
able difficulties in determining all the microscopic partition
coefficients.”® Abraham et al.” developed an equation to predict
the blood—brain distribution coefficient of a drug based on the
microscopic partition coefficient of the noncharged species, its
hydrogen-bond acidity, and its hydrogen-bond basicity. These
models assumed, however, that only the noncharged species
partitions into the organic phase, although the contribution of
charged species to the distribution coefficient may not be
insignificant in a number of cases.*'%™"2

To gain insight into the partition microequilibria of
amphoteric drugs at the species-specific level, we have recently
elaborated a method and studied two systems.'>'* The
partition properties of the compound in question and its
microspecies-mimicking synthetic derivatives were investigated
and exemplified on niflumic acid, a highly lipophilic non-
steroidal anti-inflammatory drug. We reported, for the first time
for any compound, experimental microscopic partition
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coefficients for the two protonation isomers."> Subsequently,
we reported the complete set of experimental microscopic
partition coeflicients of morphine, the best known opiate
alkaloid. The lipophilicity profile of morphine was expressed,
calculated, and depicted in terms of species-specific lip-
ophilicities over the entire pH range.'*

As expected, the noncharged form was much more lipophilic
than its zwitterionic protonation isomer for both compounds.
In addition, for morphine there are approximately 3 times as
many noncharged microspecies as zwitterionic microspecies,
irrespective of the pH, ensuring that the contribution of the
noncharged form to the overall lipophilicity is indeed the
dominant factor. Niflumic acid is a dominantly zwitterionic
compound, having 16 times as many zwitterionic as noncharged
microspecies in aqueous solution. Nevertheless, because of the
orders of magnitude larger lipophilicity of the noncharged form,
its contribution to the overall lipophilicity is around 2$ times
more important than that of the zwitterionic protonation
isomer.

Concerning the hypothetic zwitterionic predominance in the
lipophilicity profile and the concomitant zwitterionic superi-
ority in membrane penetration of any drugs, Pagliara et al.’
described this possibility, but to the best of our knowledge, the
complete set of such experimental microscopic partition
coefficients has not so far appeared.

Here we report the first case of zwitterionic dominance in the
lipophilicity profile. Our compounds of choice were cis- and
trans-apovincaminic acid. Vinpocetine (the ethyl ester of cis-
apovincaminic acid) and related eburnane derivatives are
valuable therapeutic agents mainly in cardiovascular and
cerebral insufficiencies.”> The pharmacological activity is
associated with the fused, five-membered eburnane ring system
(Figure 1). The cis- and trans-derivatives in Figure 1 are
epimers, diastereomers differing only in the configuration of the

C(3) carbon.

(3S,16S) ethyl cis-apovincaminate (1)
(vinpocetine)

(3S,16S) cis-apovincaminic acid (3)

(3R,168) trans-apovincaminic acid (4)

Figure 1. Structures of the investigated eburnane derivatives.

Compound 1 has become a reference in the pharmacological
research of cognitive deficits in the central nervous system
caused by hypoxia and ischemia.'® The medicinal success of 1
and related compounds has inspired continual synthetic efforts
to produce further derivatives of cis-D/E ring anellation, i.e., the
3a-H,16a-ethyl (3S,16S) configuration, and those of trans-D/E
ring anellation.'”'®

Despite the decades-long therapeutic use of eburnanes, and
the well-known pharmacokinetic significance of lipophilicity
and basicity, scarcely any physicochemical data appeared on
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these compounds. The obvious reason is the typically poor
water solubility of eburnanes arising from the rigid ring system
and the relatively small number of polar groups. In our proton
speciation study of the above compounds, the aqueous acid—
base properties have been elucidated indirectly by the
extrapolation of protonation constants in methanol—water
mixtures of gradually changing solvent composition.'” The
lipophilicity of their noncharged form was quantified by a
reversed-phase thin-layer chromatographic (RP-TLC) method,
verified by stir-flask studies.”’

In the present study the partition microequilibrium analysis
of compounds 3 and 4 was quantified, the inherent species-
specific partition coefficients were determined, and the
contribution of all four microspecies to the lipophilicity profile
was calculated, interpreted, and transformed into diagrams.

2. RESULTS

2.1. Acid—Base Equilibria. Compounds 3 and 4 contain
one acidic and one basic site each; thus, they exist in solutions
in four microscopic protonation forms (microspecies), the
cationic, zwitterionic, noncharged, and anionic forms.2**

The protonation scheme of compound 3 is depicted in
Figure 2. kN, k©, kS, and kY are the microconstants. Indices O
and N designate oxygen and nitrogen atoms of the basic
carboxylate and tertiary amino sites, respectively. Superscripts
of the microscopic protonation constants indicate the group
protonating in the given microequilibrium protonation process,
whereas the subscript (if any) stands for the group holding the
proton during the process.

The aqueous protonation constants of the four investigated
compounds from our earlier work'® can be seen in Table 1.
Compounds 3 and 4 were soluble in water, and their
macroconstants could directly be determined. The two esters
had poor water solubility at alkaline pH, so their macro-
constants were obtained by the Yasuda—Shedlovsky extrap-
olation procedure from protonation constants in methanol—
water mixtures.

For the determination of microconstants we chose the
deductive method, which requires an appropriate model
compound to mimic the minor species.””> The minor
protonation pathway is the one containing the noncharged
microspecies as opposed to the route containing the zwitterion.
Conditions of the accurate calculation of microconstants are
better if a microconstant related to the minor protonation
pathway is determined.”” Electronic (withdrawing or donating)
effects of the carboxyl and ester groups on the rest of the
molecule are highly similar; thus, k§ of compound 3 or 4 and
K; of the respective apovincaminic acid ester are also practically
equal. This enabled us to calculate the values of all the other
microconstants.'” The microscopic constants determined for
these molecules can be seen in Table 1.

2.2, Lipophilicity. The distribution coefficient for com-
pounds 3 and 4 can be expressed as follows:

Non Zwi

Ani
Dy = %pnp” + %nonP

Cat
+ X740 Tt Xeap (2)
where x; stands for the aqueous mole fractions of the anionic
(Ani), noncharged (Non), zwitterionic (Zwi), and cationic
(Cat) species. The aqueous mole fractions include protonation
microconstants and acidity values, expressing thus the pH

dependence of the D distribution coeflicient. For example
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Figure 2. Protonation equilibria of compound 3 in terms of macroscopic (K;, K,) and microscopic (K~, k°, k, k3) protonation constants.

Table 1. Protonation Macro- and Microconstants of the Four
Investigated Compounds'®

compd log K; log K, log KN log k° log kS log kg
3 8.49 2.30 8.49 3.10 7.69 2.30
4 7.72 2.19 7.72 2.84 7.07 2.19
1 7.69
2 7.07
1
Xy . =
M 4 (6N + KO)[HT] + KK 3)
. - KHT]
2T (1N + O HY] + KNSHT? 4)

The knowledge of each microscopic partition coefficient is
especially important for a thorough understanding of the
pharmacokinetic and pharmacodynamic properties of drugs
acting in the central nervous system, a particularly lipophilic
medium. Furthermore, the pN°"/p“" ratio of the noncharged vs
zwitterionic partition coefficients is an important structural
parameter to gain insight into intramolecular effects.®*

To obtain species-specific log p values for all four
microspecies, we applied our recently developed method to
determine the microscopic partition coefficients.'>'* We used
the ethyl ester derivatives of apovincaminic acids to mimic the
noncharged form and then determined and introduced
correction factors to minimize effects of chemical derivatization.
The effect of ethylation in both model compounds was taken
into account by comparing their lipophilicity to that of their
parent acid in their uniformly cationic ionization state, which
exists overwhelmingly in sufficiently acidic solutions.

We chose a standardized HCI solution of 0.15 M (pH 0.82),
as the majority of log K and log P values are determined at this
physiological ionic strength. The results are listed in Table 2,
including results obtained with a standardized NaOH solution
of 0.15 M (pH 13.18). Table 2 also lists log D values measured
at the isoelectric point (pI) of the apovincaminic acids. For
compound 3, this is pH 5.40, and for compound 4, it is pH
4.96.
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Table 2. log D Values of the Investigated Compounds in the
Octanol/Water System”

compd log D at pH 0.82 log D at plI log D at pH 13.18
3 —0.05 (0.03) —-0.97 (0.03) —0.07 (0.01)
4 0.13 (0.01) —0.14 (0.01) 021 (0.01)
1 0.94 (0.03)
2 0.90 (0.02)

“Standard deviations are given in parentheses.

In our previous study’® we already determined the log P for
the neutral form of the two esters. Due to their low water
solubility, the partition coefficients of the neutral forms of these
esters were calculated from distribution coeflicients in various
acidic solutions and resulted in log P values of 4.45 (0.01) and
4.75 (0.02) for compounds 1 and 2, respectively.

Due to the predominance of the cation at low pH, the
reported log D values in Table 2 characterize overwhelmingly
the lipophilicity of the cationic species at the physiological ionic
strength. For the same reason, the log D values in the highly
alkaline solution characterize the lipophilicity of the anionic
form of apovincaminic acids. On the basis of our data in Table
2, the lipophilicity of the cationic form of the apovincaminic
acids is lower than that of their ethyl esters; the differences are
0.99 and 0.77 in log D units for the cis- and trans-epimers,
respectively. These differences are valid only for the
physiological ionic strength, as the lipophilicity of ionic species
depends on the type and concentration of the background
electrolyte.'4~%7

It is plausible that the ethylation-derived differences in the
lipophilicity of the cationic forms will be very close to the
differences between the noncharged forms of the acids and the
esters. These differences can serve as appropriate correction
factors.

Using the experimentally determined partition coefficients of
the model compounds, and taking into account the correction
factors, we calculated the logarithm of the microscopic partition
coefficients (log p) of the noncharged forms of the
apovincaminic acids. For compound 3 log pN°* = 4.45(log P
of the noncharged form of its ethyl ester) — 0.99(correction
factor) = 3.46, whereas for compound 4 log pN°" = 4.75(log P
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of the noncharged form of its ethyl ester) — 0.77(correction
factor) = 3.98.

To determine p“, eq 2 has to be rearranged as follows:

sz = (DpH - xAmPAm - xNonpNon - xCatpcat)/ XZwi

©)

Thus, in the knowledge of distribution coefficients near the
isolectric point, and the lipophilicity contribution of the three
other microspecies, p” can be calculated.

Table 3 shows all the experimentally determined microscopic
partition coeflicients of the examined compounds.

Table 3. Logarithm of Microscopic Partition Coefficients of
the Examined Compounds in the Octanol/Water System at
0.15 M Ionic Strength

compd log p°" log p™* log p©* log p™
3 3.46 —1.03 —0.05 —0.07
4 3.98 —-0.22 0.13 0.21
1 4.45 0.94
2 4.75 0.90

3. DISCUSSION AND CONCLUSIONS

3.1. Acid—Base Equilibria. The microconstants in Table 1
show that, owing to the significantly different inherent basicities
of the amino and carboxylate protonation sites, the k™ and kg
microconstants indicate the major protonation pathway, and
they are practically equal to the K; and K, macroconstants,
respectively. The K; macroconstant (representing mainly the
amino group protonation) of molecules with cis-D/E ring
anellation is always higher than that of its trans-D/E ring
anellation epimeric counterpart. This difference is 0.77 in the
case of the two apovincaminic acids, while it is 0.62 for their
ethyl ester derivatives.

In these molecules the orientation of the N(4) lone electron
pair is the same as that of the C(16) ethyl group. The barrier to
nitrogen inversion at N(4) is high enough to preclude convex—
concave pyramidal interconversions. The anellation-dependent
different rotation of the C(16)-ethyl group contributes to this
significantly different basicity. Molecular modeling showed™’
that the ethyl group in the trans-isomer can approach much
more closely the basic N(4) nitrogen than in the cis-isomer.
Thus, it can repel the hydrated proton, so that protonation of
the amino group of the trans-derivative occurs at higher bulk
hydrogen ion concentration (lower pH).

Some earlier, related observations showed significant differ-
ences between the cis- and trans-isomers by other techniques as
well. It was reported'” that 3,16-trans- and 3,16-cis-compounds
of the eburnane skeleton exhibit characteristic differences in
their '"H and »C NMR spectra and undergo different
fragmentations, as shown by characteristic mass spectral
differences.”®

The difference in N-basicity of apovincaminic acids and their
ester derivatives can readily be interpreted. In the pH range of
the amino protonation, the carboxyl groups of the acids are
predominantly deprotonated; i.e., they are negatively charged.
Hence, they do not have a strong electron-withdrawing effect,
unlike the uncharged ester groups in the respective ester
derivatives.

Irrespective of the pH of the solution, there are 245 000 and
75900 times as many zwitterionic microspecies of compounds
3 and 4, respectively, as noncharged microspecies. In the pH
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range of 2.30—8.49 compound 3 mainly exists in the
zwitterionic form, whereas for compound 4 this pH range is
2.20-7.71.

3.2. Lipophilicity. The noncharged forms of the trans-
epimers of apovincaminic acid and its ethyl ester are more
lipophilic than those with cis-anellation. There are two major
factors that contribute to the higher lipophilicity of the trans-
epimers. Molecular mechanics calculations and NMR experi-
ments show that ring D in cis-epimers occupies a perpendicular
position to the plane of the ring system, whereas it is parallel in
the trans-epimers (Figure 3). Thus, the smaller hydrophobic

Figure 3. Three-dimensional models of compounds 1 (left) and 2
(right). Reprinted with permission from ref 20 (license number
2958581018889) (Copyright 2003, Elsevier).

surface area of cis-epimers makes them less lipophilic.
Molecular mechanics calculations also show that the orientation
of the C(16) ethyl group is dependent on the D/E ring
anellation. Namely, during rotation the ethyl group in the trans-
epimers can approach more closely the basic N(4) nitrogen
than in the case of the cis-epimers. Thus, the ethyl group can
hamper the water accessibility of N(4) to a greater extent and
renders the trans-epimers less hydrophilic.”’

The log(pN°"/p™") value is 4.49 for compound 3, whereas
this value is 4.20 for compound 4. Thus, the noncharged
microspecies of compound 3 is 30 900 times as lipophilic as its
zwitterionic protonation isomer, whereas for compound 4 this
ratio is around 15 800. These large log(p""/p™*") values can be
explained by the weakness of intramolecular effects that would
enhance the lipophilicity of the zwitterionic microspecies.® The
main reason for this is the rigid pentacyclic skeleton that
excludes the formation of internal ionic bonds by conforma-
tional changes.

Using the mole fractions and microscopic partition
coefficients of the noncharged and zwitterionic species, their
pH-independent contribution ratio to the distribution coef-
ficient can also be quantified. This w,p™"/xyop™ " value is
7.94 and 4.79 for compounds 3 and 4, respectively. Thus, the
contribution of the zwitterionic microspecies is much more
important than that of the noncharged form to passive
membrane penetration and other lipophilicity-related processes.

The need and validity of our correction factors is further
proved by the following consideration. If the lipophilicity of the
noncharged forms of the acids were equated to that of their
esters, the product of xy,,p"™" would exceed D, which is
impossible even from a mathematical point of view, as shown
by eq 2.

Our microscopic partition coefficients in Table 3 allow
calculating and depicting the contribution of each microspecies
to the distribution coeflicient of compounds 3 and 4 at any pH
value (Figure 4). The broad black line is the overall lipophilicity
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profile of the molecule, the sum of the contributions of its four
microspecies.

logD

logD

pH

Figure 4. Contribution of the four microspecies of compounds 3 and
4 to the lipophilicity profile (with broad line) of these molecules.

The figure shows that in the pH range of 3.29—7.52 the
contribution of the zwitterionic form is dominant for
compound 3, whereas this pH range is 2.55—7.28 for
compound 4. At lower or higher pH values the monoionic
forms prevail in the contribution to the distribution coeflicient.
Although the noncharged form has a much higher inherent
lipophilicity than any other forms, its contribution to the
partition of the molecule is dominant at no pH value. The pH-
independent contribution ratio of the zwitterionic to the
noncharged form is visualized by the parallel lines on the
graphs.

Our study presents for the first time the complete set of
experimental microscopic partition coefficients of compounds
where the contribution of the zwitterionic species to the overall
lipophilicity is more important than that of the noncharged
species. This is also evident from the shape of the overall
lipophilicity profile of these molecules. Instead of the common
bell-shaped profile, they display a U-shaped profile. In fact, for
compound 4 the profile is nearly linear, showing a transition
between the bell-shaped and U-shaped profiles.

We hope that the results of this study will help to dispel the
still widespread notion that the lipophilicity of ionic, and
especially zwitterionic, species is insignificant compared to that
of the noncharged form.
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4. EXPERIMENTAL SECTION

4.1. Materials. The eburnane alkaloids were provided by Chemical
Works of Gedeon Richter Ltd. (Budapest, Hungary). All other
reagents were of analytical grade (Reanal). All solutions were prepared
from freshly boiled distilled water.

4.2. Partition cCoefficient Measurements by the Stir-Flask
Method. The distribution coefficients were calculated from the
absorbance of the molecules in the aqueous phase before and after
partitioning at several octanol/water phase ratios as previously
reported.”® For the pH control buffers composed of phosphate and
serine and standardized HCl and NaOH solutions were used with an
ionic strength of 0.15 M.
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