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Charge and Delocalisation Effects on the Lipophilicity of Protonable Drugs

Frédéric Reymond,®! Pierre-Alain Carrupt,™ Bernard Testa,™ and Hubert H. Girault*?!

Abstract: The transfer mechanisms of
ionisable compounds of pharmaceutical
interest were studied by cyclic voltam-
metry at the water/1,2-dichloroethane
interface. The partition coefficients of
the various ions were deduced from the
voltammograms which were monitored
as a function of aqueous pH. The
dissociation constants and the partition

nance domains of each species in both
phases. These diagrams afford an easy
interpretation of the mechanisms gov-
erning ion transfer and show how neu-
tral species can facilitate the passage of
protons from water into an organic
phase and thus how ionisable com-
pounds can modulate the pH. The
change in lipophilicity between charged

and neutral forms of a given compound
is discussed in terms of an intramolecu-
lar stabilisation of the charge. The
nature of the substituents surrounding
the charged atom as well as the degree
of delocalisation of the charge are shown
to contribute markedly to the stabilisa-
tion of ionic species in the organic phase.
Born’s solvation model is also used to

coefficients of the neutral species were
determined by a pH-metric titration
technique, and the results obtained are
displayed in the form of ionic partition

. . B . ophilicity
diagrams which define the predomi-

Introduction

Quantitative structure —activity and structure — property rela-
tionships (QSAR/QSPR) are of great importance in medic-
inal chemistry and biochemistry, because they can accelerate
the development of new compounds for use as drugs,
materials or additives by computer screening of molecular
structures that can predict the desired properties prior to
laboratory tests. QSAR/QSPR correlations have now been
established to reflect intermolecular interactions in dense
media.l'l Because of the complexity of solvent effects,?! these
correlations usually involve several parameters, such as the
polarity and polarisability of the solvents, their abilities as a
hydrogen-bond donor or acceptor, as well as dispersion and
repulsion interactions.’l Indeed, the log P parameter is also a
solvational characteristic since it is directly related to the
change in the Gibbs energy of solvation of a solute between
two solvents. Much attention has been paid over the past two
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illustrate qualitatively the effect of the
molecular radius on the lipophilicity and
to show that ions retain more water
molecules when they transfer into octa-
nol than into 1,2-dichloroethane.

ionic

decades to the calculation of partition coefficients directly
from the solute structure or the solvation energy in order to
connect the lipophilicity to the biological activity.

On account of the lack of experimental techniques which
permit the measurement of charged species, such relation-
ships have unfortunately been limited to neutral compounds.
As a consequence, membrane permeation of ions has
generally been neglected, but this assumption is becoming
suspectl* 3 as a result of an increasing amount of experimental
evidence which supports ion partitioning.*'% Furthermore,
novel experimental techniques have revealed marked varia-
tions in the partition coefficients of ionised species under
biomimetic conditions with respect to changes in the chemical
structures and experimental conditions.!''1 In order to increase
our understanding of the intermolecular forces responsible for
these variations, we have investigated the partition behaviour
of a series of compounds as a function of their ionisation state
to obtain their pH-lipophilicity profiles. Electrochemical
measurement at the interface between two immiscible
electrolyte solutions (ITIES) has already proved to be a
technique suitable for the measurement of the log P of ionic
species, and it is used here to determine the various
mechanisms which govern drug transfer and to explain the
different affinity of charged and neutral forms of a compound
towards an organic phase. The present work shows how
molecular volume, intramolecular distance between charges
and intramolecular charge delocalisation (i.e. the distribution
of the electronic charge in a molecule over more than just one
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atom) affect solvation, and, as such, is the first step towards
the incorporation of ion properties into QSPR studies. This is
of great significance in pharmacokinetics and correlations
which incorporate charged species, and it should also lead to
an improvement of QSAR predictions.

Theoretical Background

Transfer at the ITIES: At a liquid/liquid interface, both the neutral (N) and
the ionic (I) form of a compound may, a priori, be present in both phases.
At the equilibrium, the distribution of a charged species between the
organic and the aqueous phase is dependent upon the potential and is
expressed by the Nernst equation for the ITIES [Eq. (1)]:!2l where @, and ¢,
are the activity and the concentration of I in water (w) and in the organic
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phase (o), respectively; z; is the charge of I, AY¢ represents the Galvani
potential difference across the interface, AY¢?{ is the standard ion transfer
potential and A¥¢{ the formal ion transfer potential of I. The standard ion
transfer potential is, in fact, the standard Gibbs energy of transfer
(AG%%~°) expressed on a potential scale, since these two quantities are
related by Equation (2), where u{ is the standard chemical potential.
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Abstract in French: Les mécanismes de transfert de composés
ionisables d’intérét pharmaceutique ont été étudiés par volta-
métrie cyclique a linterface eau/l,2-dichloroethane. Les coef-
ficients de partage de ces ions ont été déduits des voltamo-
grammes enregistrés a différents pH de la phase aqueuse. Les
constantes de dissociation et les coefficients de partage des
espéces neutres ont été déterminés par une technique pH-
métrique de titrage et les résultats obtenus sont représentés sous
la forme de diagrammes de partage ionique qui définissent les
domaines de prédominance de chaque espéce présente dans les
deux phases. Ces diagrammes permettent d’interpréter facile-
ment les mécanismes gouvernant le transfert d’ions et ils
montrent comment les espéces neutres peuvent faciliter le
transfert de protons de I'eau d la phase organique. Les études
menées ici montrent ainsi comment des composés ionisables
peuvent moduler le pH d’un milieu. D’autre part, les change-
ments de lipophilie entre les formes neutre et chargée(s) d’un
composé donné sont discutés en termes de stabilisation
intramoléculaire de la charge. Il a été mis en évidence que la
nature des substituants entourant ’atome chargé de méme que
le degré de délocalisation de la charge contribuent profondé-
ment a la stabilisation des espéces ioniques en phase organique.
Le modeéle de solvatation de Born est aussi employé pour
illustrer qualitativement effet du rayon moléculaire sur la
lipophilie et pour montrer que les ions retiennent plus de
molécules d’eau lorsqu’ils transférent dans I’'octanol que dans
le 1,2-dichloroethane.
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In cyclic voltammetry, the difference in the electrical potential across the
interface is swept linearly between two limiting values, which modifies all
the thermodynamic equilibria in the vicinity of the interface. As expressed
by Equation (1), the distribution of the various species in the two adjacent
phases changes during a potential sweep which induces the transfer of an
ion I across the interface when the potential approaches its standard
transfer potential AY¢Y. This flux of charges across the interface leads to a
measurable current which is recorded as a function of the applied potential
(such curves are called voltammograms and typical examples are shown in
Figure 3). Upon transfer of a species, a concentration gradient is thus
established along which the ions may diffuse on both sides of the interface.
On the very short experimental time scale, the bulk of each phase remains
unchanged, and the dissociation equilibria are maintained during a
potential sweep.

For kinetically fast (i. e. electrochemically reversible) ion transfer where the
passage across the interface is limited by the diffusion at the interface,
Equation (1) is valid at any rate of the potential sweep. When the standard
transfer potential of an ion is approached, the current rises because the flux
of ions across the interface increases. If higher potentials are applied, then
the interfacial concentration begins to drop because the diffusion is no
longer fast enough to supply the amount of ions required to compensate for
the displacement of the equilibrium given by the Nernst equation. As a
result, the current falls yielding the characteristic peak shape of cyclic
voltammograms.

Moreover, the ratio af/ay is, by definition, the partition coefficient of the
ionic species I between the two phases, Py, which is generally given on a
logarithmic scale. When dilute solutions and equal volumes of the two
adjacent phases are used (as in the present study), the activities can be
replaced by the concentrations to evaluate log Py, since the logarithm of the
ratio of the activity coefficients can then be neglected. The partition
coefficient of an ion is dependent on the potential** and is directly deduced
from Equation (1). In terms of concentration, we obtain Equation (3),

. F F A 0 \w—o F
1 w w 0 ZI w tr, 1 (0 Z] w
Alo—A = Ao - =logP’ + A 3
RTlnlO( of ”¢I) RTIn10 o¢ R0 81 T RTII0 o O

where log P{ is the formal partition coefficient of I, which represents the
proportion of ions present in each phase if the interface is not polarised.

In contrast to ions, the distribution of the neutral form of a compound

between the two phases does not depend on the potential and pH. It is thus
a constant which is directly connected to its formal Gibbs energy of transfer

[Eq- )]
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Finally, following the definition of dissociation constants, it is easy to show
that acid/base equilibria in water and in the organic phase (K} and Kg,
respectively) can be expressed by the partition coefficients of all the species
involved in the equilibrium. In the case of a dibase (where I?* stands for the
doubly protonated species and I* for the singly protonated form of the
neutral base N), the first and second dissociation constants in the organic
phase can be directly assessed by Equations (5) and (6).
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Consequently, A¥¢Y, AG1°, logP{" and pKg can all be deduced from
cyclic voltammetry experiments at the ITIES, and it will be shown below
how the evolution of the voltammograms with aqueous pH reflects the
transfer mechanisms of the various species present in the electrochemical
cell as well as the lipophilicity of ions.

Effect of the molecular radius on ion partitioning: Following Born’s
solvation model, the Gibbs energy of ion —solvent interaction, AGf;, can be
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estimated by the difference between the charging work of a sphere in an
electric medium a and the discharging work of this sphere in vacuum. AGf
represents the difference in the chemical potential between one mole of
ions and one mole of neutral molecules of equal size, and it is expressed as
Equation (7)), where e is the charge of the proton, N, is Avogadro
number, r is the molecular radius, &, is the vacuum permittivity and &f the
dielectric constant of the phase a.

272
AGE = _ﬂ 1- L )
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As the dielectric constant of solvents varies between 2 and 80, AGf is
always negative and the solvent definitely stabilises the ion. This stabilisa-
tion is much larger for water than for octanol or 1,2-dichloroethane, since
their dielectric constants are 78 and ~ 10, respectively (¢¢ is approximately
the same for octanol and 1,2-dichloroethane). As the partition coefficients
represent the difference in solvation energy between two solvents, the log P
difference between a charged and a neutral species diff(log P{_y) can be
approximated by means of Equation (7) which yields Equation (8).
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where: dijf(log Pl(iN ) =log PIO' —log PN )

Since &) > &2, diff(logP{_\) is always negative, this confirms that the
stabilisation of the charged species is better in water than in organic
solvents. As shown in Figure 1 for singly and doubly charged ions, this
effect is larger for ions with a smaller molecular radius.

Singly charged ion

Doubly charged ion

-30 et trrrrreecbrerrbeeereeerd +rrer
0.0 05 1.0 15 20 25 3.0 35 40 45 50 55
molecular radius/ A

Figure 1. The difference in the partition coefficients between the ionic and
the neutral forms of a compound as a function of its molecular radius. The
calculation is based on Born’s solvation model, and the evolution of
diff(log P{ y) is shown for singly and doubly charged ions.

Born’s theory neglects the dielectric saturation and assumes that the
dielectric constant around the ion &f is equal to that in the bulk &% An
improved prediction of the Gibbs energy of solvation can be obtained by
the use, for instance, of the Abraham and Liszi model,l'”) where AGY{ is
divided into an electrostatic and a neutral contribution. However, with
regard to the diff(logP{ ) values, the correction for the dielectric
saturation becomes negligible so that both models provide the same
results. Equation (8) can therefore be used to estimate diff(logP{ \)
without generating much larger errors than the more sophisticated models,
and it will be shown below that Born’s theory already allows the qualitative
explanation of the difference in the partition coefficients of the charged and
the neutral species.

Experimental Section

Amfepramone (AMF; extracted and purified from tablets), N,N-diethyl-
aniline (DEAN), 3,5,N,N-tetramethylaniline (TMAN), N-methylephe-
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drine (ME)(all from Fluka) and quinine (Q)(Sigma) were of the highest
purity available. The organic solvent was analytical grade 1,2-dichloro-
ethane (Merck) and was used without further purification. All necessary
precautions were taken in the handling of 1,2-dichloroethane to avoid
inhalation and skin contact.'! Deionised water (Milli-QSP reagent water
system, Millipore) was employed throughout and bis(triphenylphosphor-
anylidene)ammonium tetrakis(4-chlorophenyl)borate (BTPPATPBCI) was
used as the supporting organic electrolyte. It was prepared by metathesis of
bis(triphenylphosphoranylidene)ammonium chloride (BTPPACI) (Fluka)
and potassium tetrakis(4-chlorophenyl)borate (KTPBCI) (Lancaster) and
recrystallised twice from methanol.

Cyclic voltammetric studies were conducted using a home-made four-
electrode potentiostat with iR drop compensation of a design similar to that
given in ref. [13]. The difference in applied potentials, E, is defined as the
potential applied between the two reference electrodes, and it is related to
the Galvani potential difference across the interface by Equation (10),
E=A’,§¢+AEref (10)
where AE,; depends strongly on the nature of the two reference electrodes,
so that E refers only to the electrochemical cell used and represents a
totally arbitrary scale. Thus, the half-wave potentials, E}/?, deduced from
the voltammograms were all referenced against tetramethylammonium
(TMA™), because its formal transfer potential in the absolute Galvani
potential scale has already been established (AY ¢Jya+- =160 mVI7). In this
manner, the values of E|/* were further transposed to the absolute scale by
applying Equation (11).

1/2 w0 172 0
EI/ - &g :ET/MA+—A’a“q)TMA+ (n

All the molecules under study were first dissolved in the aqueous phase, the
pH of which was set to the desired value by the addition of HNO; or LiOH
(Fluka). The volumes of the aqueous and organic phases were always equal
(1.7 mL), and all the experiments were performed in Cell 1 (Scheme 1),
where X stands for each compound mentioned at the beginning of this
section.

10 mM LiCl 10mM ImM X

1mM BTPPACIBTPPATPBCI 10mM LiCl
+HNO; or LiOH to desired pH

AglAagC| AgCllAg

Scheme 1. Cell 1.

In such a cell, the potential window was limited by the transfer of Cl~ and
Lit at low (A¥¢% =-470mVI®) and high potentials (A¥¢{i =
576 mVI¥!). In this manner, the experimental domain could not be
expanded beyond these two potential values, and it is delimited by lines
a and b in the ionic partition diagrams. In this paper, the transfer of a cation
from water to 1,2-dichloroethane is defined as a positive current. This
relates to the fact that the potential of water is made more positive with
respect to that of the organic phase on the forward scan, a convention valid
for all ITIES experiments. It should also be stressed that the current peaks
obtained by cyclic voltammetry correspond to a flux of ions across the
water/1,2-dichloroethane interface and are in no way redox in nature.

For several compounds, the cyclic voltammetry experiments were repeated
using Cell 2 (Scheme 2) (X* represents protonated N,N-diethylaniline,

10 mM LiCl [10mM BTPPATPBC]
ImM BTPPACI| 1mM X*TPBCI™

10 mM LiCl

AglAgCll
+HNOj3 or LiOH to desired pH]

AgCllAg

Scheme 2. Cell 2.

3,5,N,N-tetramethylaniline or N-methylephedrine), where their ionic form
was dissolved in the organic phase after formation of a salt soluble in 1,2-
dichloroethane and following the same procedure as for the supporting
electrolyte BTPPATPBCIL.

Finally, the partition coefficients of the neutral species and all the pKY
values were measured by pH-metric two-phase titration (SiriusPCA101,
Sirius Anal. Instruments, UK).
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Table 1. Physicochemical parameters of the determination of the water/1,2-
dichloroethane partition behaviour of the series of monobases shown in

Results and Discussion

. . . Figure 2.
Monobases: A series of monobases (Figure 2) was studied by £ -
cyclic voltammetry to determine their Gibbs energy of N-Methyl- — Amfepra- NN-Diethyl- 3,5,N,N-

f d their li hilici file. Th d ephedrine mone aniline Tetramethyl-
transfer and their 1p0P 1 101ty‘ pr'o 1.e.. est? compounds aniline
were selected on the basis of their significance in pharmacol-
ogy and chemistry. All these compounds possess one proto-  °&/% L61:£0.09 36540.09 422:£0.04 +01£0.03

gy Y. All pounds p ProtoT ok 9004001 8804001 6804002 5524001
nation/deprotonation site; they are ionised below their pKy,  Awgotal 16346 3647 135+ 14 170+ 12
and are neutral above it; thus they modify their transfer logP{®! —276+0.10 —0.61+012 —228+023 —2.87+0.20
behaviour according to the aqueous pH. This is illustrated in ~ PK&" 1443£0.22  13.95+£0.23 9.71+0.29 8.05+0.26

difflogP{y) —437+014 —426+015 -6.50+023 —6.88+0.20

Figure 3, which shows the evolution of the voltammograms
obtained for N-methylephedrine at four different aqueous pH

[a] Given in mV. [b] Calculated by Equation (3). [c] Calculated with a value of

values. Below pK3}, the half-wave potential remains constant,
within experimental error, and the current decreases as the
pH approaches pK}, as a result of the decrease in the
concentration of protonated N-methylephedrine. Above
pK3}i, the half-wave potential shifts by R7/zF mV per pH
unit, and the current peak is a result of the transfer of a proton
facilitated by the neutral N-methylephedrine present in the
organic phase which behaves as an ionophore for the proton.
Here also, the maximum forward peak current diminishes
with increasing pH because it is limited by the proton
concentration.

All the results obtained by cyclic voltammetry are given in
Table 1, along with the values of the Gibbs energy of transfer,
of the dissociation constants and of the partition coefficients.
This data is used to draw the ionic partition diagram of each

A) Monobases: B) Dibases:

CH3

r Nﬁ
CHs CH,

amfepramone

CHs CH;0

HO

N
el \CH3

N-methylephedrine

anorexic analeptic

H3C CH
~N.

5

N, N-diethylaniline

CH; CH,
N

HN

HsC CH;

3,5, N, N-tetramethylaniline

Figure 2. Chemical structures of the compounds investigated.
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coronary vasodilator
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549 £10 mV for AY -1 and by Equation (6).

compound investigated by following the methodology descri-
bed in a previous study.

N-Methylephedrine (ME) and amfepramone (AMF) were
chosen for the similarity of their chemical structures. Both
compounds have the same transfer behaviour, and the mean
values of the formal transfer potential deduced from the
voltammograms obtained with Cells 1 and 2 are used to draw
their ionic partition diagrams (Figure 4). The experimental
results are also given in order to show the good reproducibility
of the measurements.

As expected from the principle of ionic partition diagrams,
the interfacial potential required to transfer the ionised form
of both N-methylephedrine
and amfepramone from water
to 1,2-dichloroethane is con-
stant at a pH below their
respective pKY, and the hori-
zontal segments in Figure 4
correspond to their values of
formal transfer potential.
Above their pK} however, a
proton is transferred from wa-
ter to 1,2-dichloroethane upon
positive polarisation of the
interface, so that neutral ME
and AMF present at the or-
ganic side of the interface
become protonated. These re-
sults show that the neutral
form of acids and bases may
reduce the Gibbs energy of
transfer of the proton as a
result of interfacial protona-
tion and deprotonation reac-
tions, respectively. Such a
mechanism is of great impor-
tance in pharmacology, be-
cause the proton concentra-
tion is very tightly regulated
in functional biological sys-
tems. Numerous pathologies
are linked to the dysfunction
of pH regulation, but recent
studies have shown that com-

quinine

antimalarial

OCH3

OCH,

OCH;

trimetazidine
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Figure 3. Typical cyclic voltammograms obtained for the transfer of a monobase across the water/1,2-
dichloroethane interface. The dependence of the current waves on the aqueous pH is shown here for N-
methylephedrine at five scan rates (10, 30, 50, 80 and 100 mV s™!). The recorded current is positive on the forward
scan (FWD) which signifies that positive ions transfer from water into 1,2-dichloroethane. On the reverse scan
(REV), these ions transfer back into water thus generating a negative current.

The formal transfer poten-
tials of N-methylephedrine and
amfepramone differ by 127 mV,
which indicates that AMFH™ is
significantly more lipophilic
than MEH™. Evidently, this also
applies to the neutral form of
these compounds, and the dif-
ference between the partition
coefficients of these two species
is approximately the same:
log Pyye — log Py =2.04  and
log P yipr+ — log Pipy- = 2.15.
This result is not surprising,
because the delocalisation of
the charge is very similar for
both AMFH* and MEH". As a
consequence, the affinity of
both AMFH' and MEH" for
the organic phase remains rela-
tively high after protonation,
and this is illustrated by their
diff(log Py ) values (—4.37 for
ME and —4.26 for AMF),
which are smaller than the val-
ue of —5 generally found in
water/1,2-dichloroethane. This
is in good agreement with
Born’s solvation model which
shows that ions with a delocal-
ised charge behave as larger
ions than those possessing a
localised charge. This is a con-
sequence of the fact that the
attractive forces between the
charge and each solvating water
molecule are weaker with a
delocalised charge, which re-
sults in a smaller hydrophilicity
and thus in a smaller change in
the value of log P between neu-
tral and protonated species.

It is of interest to note that
the experimental values ob-
tained for diff(logP{ ) are
generally ~ —3 for octanol/
water. With respect to Figure 1,
this indicates that the molecular
radius is ~1.2 A larger in octa-
nol than in 1,2-dichloroethane.

pounds such as nigericin,? azapropazone,®! piroxicam,?* Consequently, the ions are likely to retain more water
chloroquine™! or tenidapi?>?”! are able to correct for these molecules when they transfer into octanol, which can be
dysfunctions. The representation of the data as an ionic explained by the larger solubility of water in octanol than in
partition diagram allows us to understand how ionisable 1,2-dichloroethane and by the H-bonding capacity of octanol
compounds can facilitate the transfer of protons from an which is almost as large as that of water.

aqueous phase to another medium (such as a cellular Otherwise, the absolute values of the partition coefficients
membrane) and affords a useful way to interpret the for both the neutral and the protonated species are quite
behaviour of pH-modulating agents in biological environ- different (AMF and ME are separated by approximately two
ments. log P units). This originates from the replacement of the
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0 1 2 3 4 5 6 7_8 9 10 11 12 13 14
pH

Figure 4. Tonic partition diagram of N-methylephedrine (ME) and amfe-
pramone (AMF) in water/1,2-dichloroethane at 25°C. The experimental
values 0 were deduced from the voltammograms and transposed to the
TATB scale, while the boundary lines (bold) were determined from the
mean value of AY¢%;+. Lines a and b delimit the experimental domain for
Cells 1 and 2. As log Py is positive, the neutral form of these bases was
situated largely in the organic phase.

hydroxyl group in ME by a carbonyl group in AMF, which has
no H-bond donating capacity. Moreover, it has been noted
from our solvatochromic analysis of 1,2-dichloroethane/wa-
ter,? that the lengthening of an alkyl chain causes an increase
of ~0.5 log P unit per methylene group, which is equal to the
CH,-fragmental constant that can be deduced from the values
of the Gibbs energies of transfer for the tetraalkyl ammonium
series.l'> 2] These two factors act in the same direction in the
present case and constitute the main contributions to the
greater lipophilicity of amfepramone.

With substituted anilines, similar considerations can be
deduced from their respective ionic partition diagrams
(Figure 5). 3,5,N,N-Tetramethylaniline (TMAN) contains
four methyl groups, whereas two ethyl groups are attached
to the nitrogen atom in N,N-diethylaniline (DEAN). Thus, it
is not surprising to find very close log P values for these two
compounds.

A ¢ /mV
800 -

(calch is
16600 for DEAN
and 10200 for TMAN)

8 9 10 11 12 13 14

Figure 5. Tonic partition diagram of N,N-diethylaniline (DEAN) and
3,5,N,N-tetramethylaniline (TMAN) in water/1,2-dichloroethane at 25°C.

The difference in the lipophilicity of the two charged
species is markedly larger than for the neutral species:
log PYeants — log PYyvianm: = 0.59. This is due to the fact that
the two methyl groups on the phenyl substituent of TMANH™
cannot mask the charge on the nitrogen atom. As the
delocalisation is more efficient with ethyl than with methyl
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substituents, it is logical that TMANH™ is more hydrophilic
than DEANHY, but to a smaller degree than that expected
from the CH,-fragmental constant.

Interestingly, the diff(log P{_y) values are much larger in
this example than in the case of AMF and ME, since they are
found to be —6.88 for TMANH™" and —6.50 for DEANH".
This suggests that the solvation of these cations is very strong
in water; thus, it is quite difficult to remove the aqueous
solvation shell during their transfer into the organic phase.
Indeed, in spite of the presence of an aryl group, the charge on
the nitrogen atom cannot delocalise as well as in MEH™ and
AMFHT, because aromaticity must be maintained in the
phenyl substituent and because no lone pair of electrons can
partially mask the charge. Compared to the above example,
only two substituents can favour delocalisation in TMANH*
and DEANH". This discrepancy results in a smaller mean
molecular radius for the substituted anilines and, in addition
to the respective molecular weight of these four compounds,
explains the very high diff(log P{ \) values of TMANH™ and
DEANHT. With respect to Born’s model, this result suggests
that these ions have a smaller molecular radius, since their
charge is localised. It should also be pointed out that
TMANH* and DEANHT" have approximately the same
formal Gibbs energy of transfer as TMA* (AGYYS. =
154 kImol-!). As they are larger in size, this implies that
they are even more hydrophilic than TMA™* and that their
charge is very exposed to ion—dipole interactions.

Dibases: The transfer behaviour of quinine (Figure 2) was
investigated by cyclic voltammetry at the water/1,2-dichloro-
ethane interface. All the data needed to draw the ionic
partition diagrams of quinine (HQ), as well as the values of
the partition coefficients of each form of this compound, were
deduced from the voltammograms and are presented in
Table 2. Quinine is an antimalarial drug which is especially
valuable for the treatment of severe illness caused by multi-
drug-resistant strains of Plasmodium falciparum parasites.!]
Because quinine is a base, high concentrations can build up in
the acidic food vacuoles of P. falciparum,’>33 whose primary
function is the proteolysis of ingested red-cell haemoglobin in
order to provide the parasite with essential amino acids. It has
been suggested that HQ may act by raising the intravacuolar

Table 2. Physicochemical parameters for the determination of the parti-
tioning of quinine and trimetazidine at the water/1,2-dichloroethane
interface.

Quinine Trimetazidine!*"!
log Py 2.41 +£0.08 1.04 +£0.06
A ImV 157419 29149
log PY>- —5.314+0.64 —9.84 +0.30
difflog P ) ~7724065  —10.88+031
PKY 4.48 +£0.02 4.54 +0.02
pK& 14 10.02 + 0,701 6,85 + 0,381
A mV 85+ 14 162+9
log PY. —1.44+0.24 —2.744+0.15
difflog PY. x) ~3854025  —378+0.16
pPKY 8.51 +£0.01 9.14 +0.02

pKS 14.07 £0.30 ) 14.77 £0.24

[a] Calculated with Equation (5). [b] Calculated with AY¢Y- =549+
10 mV.2! [¢] Calculated with Equation (6).
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pH,P* ¥ by interfering with parasite DNA/RNA biosynthe-
sisP% or by inhibiting enzymes through direct drug bind-
ing.?” 381 It has also recently been proposed®” that quinine
inhibits heme polymerase in parasitic food vacuoles, thereby
disrupting heme conversion into an insoluble crystalline
material called hemozoin or malaria pigment. Heme is a by-
product of haemoglobin degradation and it is highly toxic for
malaria plasmodes.?! In this manner, the degradation of
haemoglobin is rapidly blocked, which then halts the growth
of the parasites.

Quinine has the same structure as quinidine except for the
configuration at the secondary alcohol group (see Figure 2);
however, the measured formal transfer potential of the mono-
and diprotonated forms of quinine and quinidine are not
absolutely equal, which implies that the epimeric relation of
these two compounds is reflected in a slight difference in their
lipophilicity (A§¢fioni+ =157 mV (quinine) and 162 mV
(quinidine)"! while A¥¢%ou+ =85 and 80 mV, respectively).
Despite its alcohol function, no current wave could be
attributed to the transfer of the negatively charged form of
quinine, which explains why we have treated it as a dibase
instead of an ampholyte to draw up its ionic partition diagram
(Figure 6).

A'¢ /mv

HQH,™ 0 )

(¢ Srofc o= 260)

&
g

7.8 9 10 11 12 13 14
pH
Figure 6. Ionic partition diagram of quinine in water/1,2-dichloroethane at
25°C.

Quinine is the largest molecule studied here, but it does not
have the highest lipophilicity (c.f. Tables 1 and 2). The very
important water affinity of the hydroxyl group of quinine is
totally compensated by the quinoline function, which is very
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stable in organic solvents (for comparison, reported values of
the lipophilic fragmental constant of alkyl-OH is —1.45 in
octanol, whereas 10gPyinoponne 18 2.031). If protonated
quinolinium remains aromatic, then the positive charge can
easily delocalise, and diff(log PYion+_no) is —3.88, which is
slightly less negative than the common value of —5 discussed
above. This suggests that aromaticity in the quinolinium group
significantly favours the solvation of HQH" in the organic
phase.

For the doubly charged species, the position of boundary
line 1 is located at moderately positive potentials. Thus,
HQHZ" requires only a relatively small energy to transfer
from water into 1,2-dichloroethane; thus, its transport across
biological membranes should be relatively easy.

With doubly charged ions, it has been deduced from, as yet
unpublished, resultsi®? that diff(log P} _y) is about — 11; thus,
the molecular radius should be about 3.8 A, as can be deduced
from Figure 1. This is in good agreement with the stronger
interactions induced by the introduction of a second charge
and with the number of solvent molecules needed to form the
first solvation shell, which is larger in doubly than in singly
charged ions. However, if the two charges are far apart then
the ion should not be considered as one dication but rather as
two monocations, because the solvent molecules are not
attracted in the same way by two single charges as they are by
one double charge.

In this manner, Born’s solvation model tends to show that
HQH3" may not be considered as a dication, but as two
monocations. Indeed, if diff(log PYion_no) 1S approximately
the same as for the above monobases, diff(log PYion3* no) is
only —7.72, which is much less than the approximated value of
~ — 11 found, for instance, for trimetazidineP” (see Figure 2,
and the corresponding experimental data in Table 2). For
these two species, the electrostatic potential, obtained by
AM1 semiempirical calculation (Spartan5.0, Wavefunction
Inc., Irvine USA) is displayed in Figure 7 in order to localise
the charge.

From Figure 7 it can be clearly seen that doubly charged
trimetazidine TMZH3" possesses a very positive charge
density around the two protonated nitrogen atoms, while
two well-defined sites of less positive potential appear in
HQHZ*. In HQH3*, the two charges are sufficiently distant to
behave as separate single charges with respect to the

Figure 7. AM 1 semiempirical calcula-
tion of the electrostatic potential sur-
rounding doubly charged forms of
trimetazidine (left) and quinine (right),
respectively. The electrostatic potential
increases linearly from red to dark
blue.
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surrounding water molecules, and, in terms of lipophilicity,
the value of diff(log Phon2+_nq) is almost twice that of
diff(log P{ion+ _no)- This criteria can be used to discriminate
between compounds behaving as doubly charged or as two
monocharged ions with respect to partition, but the boundary
between these two limiting cases is difficult to establish,
because of the difficulty of finding a physical model linking
the intramolecular separation of the charges to the partition
coefficient of a compound.

These results show that the good separation between the
charges borne by an ion as well as the possibility of
delocalising these charges over a large distance greatly
favours the transfer of a compound into the organic phase.
This enhancement of ion lipophilicity could affect drug—
membrane interactions, and thus the regulation of drug
transport. Since the amount of available data on partition
coefficients of ionisable drugs (work is in progress in our
laboratories) is increasing, it should soon be possible to
include charge distributions in quantitative structure — activity
relationship studies.

Conclusions

The approach described in this paper leads to an improved
understanding of charge transfer reactions at the ITIES and of
the physicochemical molecular mechanisms of passive trans-
fer of organic ions. The electrochemical technique allows the
precise determination of the distribution of ionic species
between two phases, and ionic partition diagrams can be used
as a first approach in the examination of the implications of
ion partitioning in drug transport and delivery.

Born’s ion-solvent interaction model also suggests that,
when they transfer into the organic phase, compounds with a
completely localised charge are solvated in a similar manner
to that of small ions, whereas compounds possessing a well-
delocalised charge behave like larger ions, because the smaller
the molecular radius the more negative the corresponding
diff(log P{_y) value. Born’s model also tends to show that the
intramolecular distance between the charges plays a very
important role with multiply charged ions. Indeed, the results
obtained with quinine indicate that, with respect to solvation,
its doubly charged form behaves as two monocations rather
than as a dication, because its diff(log P%:+_y) value is only
twice that of diff(log PY. _y).

The difference between the partition coefficients of the
neutral and ionised forms of a solute affords valuable
information about the effect of the charge on the lipophilicity.
This is a rather novel physicochemical parameter and it has
been shown to encode intramolecular factors of a geometric
and electronic nature (such as intramolecular distances,
delocalisation and resonance), which is indicative of the
solvation properties of ions in different media and of partial
charge neutralisation.

The present study also shows qualitatively that the parti-
tioning of ionic species can be related not only to the charge
distribution around the molecule (electrostatic field) but also,
and perhaps mainly, to the delocalisation (stabilisation) of the
charge inside the molecule. To be able to quantify the main
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forces (electrostatic and/or hydrophobic association!'> 4 42])
which influence the partitioning of ionic species, careful
investigation of their electronic structure should be carried
out. Standard techniques of computational chemistry, such as
molecular mechanics, molecular dynamics, semiempirical and
ab initio quantum calculations could be applied for the
exploration of the conformational hypersurface of ionic
species®# and for the study of their electronic structure
and molecular electrostatic potentials.*=" Such insights into
quantitative structure —property relationships?! should allow
a long-sought understanding of the real contribution of
ionised forms to the distribution of drugs in the body.
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