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Abstract

The transfer of benzodiazepine derivatives (diazepam, bromazepam, alprazolam, oxazepam, nitrazepam, clonazepam, chlor-
diazepoxide, flunitrazepam, midazolam and lorazepam) across the water | 1,2-dichloroethane interface was studied using cyclic
voltammetry. The partition coefficients of ionic species of benzodiazepines, log Py, , were calculated from the transfer potentials
measured at pH < pK,. These values were compared with the partition coefficient of neutral species, log Pyx. The difference
between log P, ., and log Py was related to the degree of charge delocalization, which depends markedly on the presence of
electron acceptor substituents in the molecule. These electron acceptor groups, in turn, affect the biological activity of these drugs.
The results indicated that the difference Alog Py, =log P,,,, —log Px can be used in structure—activity correlations as it takes

into account the effects of substituents on the main positions within the molecule. © 2001 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Quantitative structure—activity relationships (QSAR)
have been used extensively in the last few decades to
correlate the biological activity of drugs with physico-
chemical parameters such as solubility, the partition
coefficient in oil | water systems (log P), the electronic
effect of substituents, electron density, steric effects.
These correlations are very important in providing a
rational approach to the design of new drugs [1]. For
this reason, much attention has been focused on the
determination of the lipophilicity of drugs by different
methods.

The interface between two immiscible electrolyte so-
lutions (ITIES) has been used to examine kinetic and
analytical aspects of the transport of various drugs
[2-10], to determine partition coefficients from transfer
potentials [11] and to clarify the electrochemical behav-
ior of structurally specific and nonspecific drugs [12].
More recently, Girault and coworkers [13,14] reported
ionic partition diagrams for several drugs, which define
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the domains of predominance of all the species present
in both phases. In the same papers, these authors
arrived at the important conclusion that the change in
lipophilicity between charged and neutral forms of a
given compound is related to the intramolecular stabi-
lization of the charge. They showed that the nature of
the substituents surrounding the charged atom as well
as the degree of delocalization of the charge contribute
to the stabilization of ionic species in the organic phase.
Kong and Kakiuchi [15] established a lipophilicity scale
for 14 monovalent arenediazonium ions and their re-
sults show the importance of charge distribution over
the aromatic moiety in determining the lipophilicity.

Benzodiazepines are psychotropic drugs extensively
used as hypnotics and anxiolytics [16]. Due to their
high lipophilicity, they are able to partition into biolog-
ical membranes and are accumulated mainly in high
lipid-containing tissues [17]. Therefore, the ability of the
drug to be displaced from these binding sites in mem-
branes was employed as an alternative measure of its
biological activity [18]. Fini and coworkers [19] studied
the thermodynamic aspect of dissolution of benzodi-
azepines and reported on the relationships between the
structure, the nature of the substituents, and water
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solubility. Biological studies lead to the conclusion that
different substituents at position 7 of the benzene ring
(see Fig. 1) and position 2" of the aryl ring, produce
important changes in the potency, rate of absorption
and other pharmacological parameters [20,21].

In the present work, the transfer potentials of a series
of benzodiazepines were determined. The aim was to
correlate the difference between the partition coefficient
of the neutral and charged species of these compounds
with the presence of different substituents at positions 7
and 2.

2. Experimental

The voltammetric experiments were performed in a
four-electrode system using a conventional glass cell of
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Fig. 1. Chemical structures of the benzodiazepines studied.

0.18 cm? interfacial area. Two platinum wires were used
as counter-electrodes and the reference electrodes were
Ag | AgCl. The reference electrode in contact with the
organic solution was immersed in an aqueous solution
of 1 x 10 =2 M tetraphenyl arsonium chloride (TPAsCI)
(Merck p.a.).

The base electrolyte solutions were 1 x 10 =2 M NaCl
(Mallinckrodt A.R.) in ultrapure water and 1 x 10?2
M tetraphenyl arsonium dicarbollyl cobaltate (TPAs
DCQ) in 1,2-dichloroethane (DCE, Dorwil p.a.). TPAs
DCC was prepared by metathesis of tetraphenyl arson-
ium chloride (Sigma) and cesium dicarbollyl cobaltate
(Lachema p.a.). The pH of the aqueous phase was
varied in the range 0.5-11 by addition of HCI (Merck
p-a.) or NaOH (Sigma).

Benzodiazepines  (Clonazepam,  Flunitrazepam,
Chlordiazepoxide (Hoffman-La Roche), Diazepam, Al-
prazolam, Bromazepam (Bagd) and Nitrazepam, Ox-
azepam, Lorazepam, Midazolam (Monteral)) were of
the highest purity available. These compounds were
added to the aqueous phase in 1 x 10> M concentra-
tion and, depending on the pH, they can be present as
neutral molecules (X), monocation (XH™') or, in the
case of midazolam, bromazepam or alprazolam, as
dication (XH3™) species.

The potential E applied between the two Ag | AgCl
reference electrodes is related to the Galvani potential
difference (AY¢) across the interface by,

E= Ag¢ + AE:ref

where AE,. depends on the reference electrodes and the
reference solutions employed. Then, tetraethyl ammo-
nium (TEA™*) was added to the aqueous phase, after all
experiments, in order to reference all the observed
standard transfer potentials, E? , ., deduced from the
peak potentials in the Voltamrhograms. These values
were then transposed to the absolute scale by applying
the following relationship,

EO

— AV HO _ 0 AW A0
tr,XH+ AO ¢ tr,XH+ E‘tr,TEAJr AO ¢ tr, TEA+

where AY ¢y and AYPy 1o, are the standard
transfer potentials of XH* and TEA™, respectively
(AS @y rea+ =47 mV according to Ref. [22]).

The A‘g¢g_,xﬁ+ values were determined at pH « pK,
where the current arises from the transfer of XH™*
across the interface. From these AY¢Y vy, values,
log Py, ., the partition coefficient of the ionic species

XH™, is calculated according to,

zF
log Pyyyy = — (2.3RT>AX ?r,XH+

These values were compared with log Py, partition
coefficients of neutral species in water | 1,2-DCE, which
were measured by the shake-flask method, benzodi-
azepine drugs were dissolved in the 1,2-dichloroethane
phase containing 1 x 102 M TPAs DCC, while the
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Table 1
Physicochemical parameters for benzodiazepines®

Compound PK,> pK.>  AYo} N AVp°

log P. log P log Py Alog Py,  Alog P

tr,XH+ tr,XH3+ XH+ XH3+ XH3+
Midazolam 2.6 6.2 0.002 0.150 —0.034 —5.08 3.88 —-3.91 —8.96
Diazepama 3.4 0.035 —0.59 3.67 —4.26

Alprazolam 25 0.075 —1.27 2.89 —4.16

Bromazepam 2.0 2.5 0.085 0.255 —1.44 -8.64 2.63 —4.07 —11.27
Flunitrazepam 1.6 0.115 —1.95 291 —4.86

Nitrazepam 32 0.132 —2.23 3.06 —5.29

Oxazepam 1.8 0.157 —2.66 1.90 —4.56

Clonazepam L.5 0.195 —3.30 3.15 —6.45

Lorazepam 1.6 0.205 —3.47 2.09 —5.56
Clordiazepoxide 4.8 0.135 —2.29 3.88 —6.17

# They were measured or calculated as indicated in Section 2.
® From [19,24].

aqueous phase composition was 1 x 1072 M NaCl,
pH = 8.5. These two phases were shaken together before
separation and analysis of the organic solution by UV
spectroscopy.

Cyclic voltammetry was performed using a poten-
tiostat, which eliminates the /R drop automatically by the
means of a periodic current—interruption technique. A
LyP Elect. Arg. waveform-generator and a BAS X-Y
recorder (model MF-9044) were also employed. A UV-
1601 Shimadzu UV spectrophotometer was used for the
determination of benzodiazepine concentrations in the
organic phase in the shake-flask experiments.

An AMI semiempirical calculation [23] was used to
optimize the molecular geometry of the compounds in
the gaseous phase and to calculate the molecular volumes
assuming a spherical model. The molecular volume of
each compound was used to estimate the mean molecular
radius values. Computations were conducted with the
Hyperchem 5.1 package.

3. Results and discussion

The standard transfer potential of a series of benzodi-
azepines (Fig. 1) through the water | 1,2-DCE interface
was determined by cyclic voltammetry. All the com-
pounds have a protonation—deprotonation site on the
nitrogen labeled 4 within the diazepine ring, except for
chlordiazepoxide, in which protonation on this site is not
allowed due to the presence of an oxygen substituent. In
the latter case, a secondary amine on position 2 makes
this species a monocation at pH values below pK,.
Moreover, three of the compounds analyzed (midazo-
lam, alprazolam and bromazepam) can be present as
singly (XH*) or doubly charged (XH3* ) species depend-
ing on the pH. Table 1 shows the pKa values of all
compounds studied, given in Refs. [19,24]. For alprazo-
lam, the pK, value is not available in the literature, so
it was estimated from voltammetric results.

Figs. 2 and 3 show characteristic cyclic voltam-
mograms corresponding to the transfer processes of
XH™ and XH3* species, respectively, across the wa-
ter | 1,2-DCE interface. Provided that pH « pK, a re-
versible peak system is observed for the XH™ transfer as
can be seen in Fig. 2 where the voltammogram of
protonated diazepam is shown as an example. The
positive peak potential, EY, and the peak potential

p>

difference, AE, = E} — E, = 60 mV, were independent

Fig. 2. Cyclic voltammogram obtained for diazepam at v =0.050 V
s~ 1. Aqueous phase composition, 1 x 1072 M NaCl+1x 1073 M
diazepam, pH 1.5; organic phase composition, 1 x 10 =2 TPAs DCC.

Fig. 3. Cyclic voltammogram obtained for midazolam at v =0.050 V
s~ !'. Aqueous phase composition: 1 x 1072 M NaCl+1x 1073 M
midazolam, pH 5.2 (-*-), 2.4 (---) and 1.4 (->-*-); organic phase
composition, 1 x 102~2 TPAs DCC.
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Fig. 4. Plots of (@) log Py and (M) log P,,,, and (A) Alog P, vs.
Aqﬂfwm+ for XH™* species (X = midazolam (1), diazepam (2), alpra-
zolam (3), bromazepam (4), flunitrazepam (5), nitrazepam (6), ox-

azepam (7), clonazepam (8) and lorazepam (9)). Aqueous phase
composition, 1 x 1072M NaCl 1 x 1073 M XH™*, pH 4.0 (1), 1.0 (2,
3, 4 and 6), and 0.5 (5, 7, 8 and 9); organic phase composition:
1 x10-2 M TPAs DCC.

of the potential sweep rate, v, and pH (for pH < pK,).
The positive peak current was proportional to v and
to the equilibrium concentration of protonated di-
azepam. All the XH™ species analyzed show similar
voltammetric behavior. Then, Ay¢{ .., were calcu-
lated from E[ ;. and E], ;... values as was ex-
plained in Section 2. The results are listed in Table 1.

The voltammograms corresponding to the transfer of
mono- and di-protonated species of midazolam are
shown in Fig. 3. At pK, <pH<pK, a reversible peak
system with AE, = 60 mV is observed due to the trans-
fer of XH*. As the pH is decreased, a new reversible
transfer process is detected at higher potential values.
In this case, AE, =30 mV is in good agreement with
the fact that the species transferred is the di-protonated
form of midazolam, XH3*. The peak current values
obtained were proportional to the equilibrium concen-
tration of XH* and XH3" at each pH. Similar voltam-
metric behavior is observed for the transfer processes of
both species of bromazepam. From voltammetric data,
ASP Y xrn+ and ATPY iip4 values were calculated as
detailed above and are listed in Table 1.

No current was observed upon polarization at the
interface at pH > pK,, indicating that assisted ion
transfer reaction does not take place under these
conditions.

Some of the benzodiazepines (bromazepam, ni-
trazepam, oxazepam, clonazepam and lorazepam)
present an amide group at nitrogen 1 with high pK,
values (=~ 11) for deprotonation of N; however, in these
cases, no current due to the anion transfer was ob-

served at pH > 11 in the limit of the potential window.

Fig. 4 illustrates log Py, and log Px values versus
AY Y i+ obtained for all the benzodiazepines studied,
except chlordiazepoxide. As can be observed, not all the
compounds in the series keep the lipophilicity pattern
when they are protonated with respect to neutral spe-
cies. In fact, for XH™* species with low transfer poten-
tial values (lower hydrophilicity), such as midazolam,
diazepam, alprazolam, bromazepam, the log P differ-
ence between a charged and a neutral species,
Alog Py, =log Py, —log Px, (also shown in the
figure is lower than that for flunitrazepam, nitrazepam,
oxazepam, clonazepam and lorazepam, transferred at
higher transfer potentials (higher hydrophilicity). These
results suggest that the charge effect on the hydrophilic-
ity is not the same in all the benzodiazepines studied.

As noted by Girault and coworkers [13,14],
Alog Py, 1s a measure of the different affinity of
charged and neutral forms of a compound towards an
organic phase. Following Born’s solvation model, they
reported that the molecular volume and the intramolec-
ular charge delocalization (i.e. the distribution of the
electronic charge over more than just one atom) affect
solvation of the charged species as follows,

Alog P — — (AGY{s — AGYs)  [z7e’Ny\[e2 — &Y
& Fxme = RT1In 10 ~\ 8nea &Y

where AG{s and AGY§ are the difference in the chemical
potential between 1 mol of ions and 1 mol of neutral
molecules of equal molecules of equal size in organic
and aqueous phase, respectively, e, the charge of the
proton; N,, the Avogadro constant; a, the molecular
radius, ¢,, the vacuum permittivity; and &2 and &) are
the dielectric constants of the organic and aqueous
phases. Since &2 < ¢V, Alog P is always negative. This
effect is higher for ions with smaller molecular radius,
ar, and large charge, z [13]. Hence, ions with a delocal-
ized charge have Alog Py, values smaller than those
possessing a localized charge. This arises from the fact
that the attractive forces between the charge and each
solvating water molecule are weaker with a delocalized
charge, which results in a smaller hydrophilicity and,
thus, in a smaller change in the value of log P between
neutral and protonated species.

Fig. 5 shows Alog P, values of all benzodiazepines
except chlordiazepoxide and nitrazepam versus pK, of
each species, which, in turn, can be considered as a
measure of charge localization in XH™" ions (i.e. when
the localization of charge is high, the XH™ species is a
strong acid, and the pK, value is lower). As can be seen
for molecules with higher pK,, Alog P,,,, values be-
tween —3.91 and —4.26 (alprazolam, bromazepam,
diazepam, midazolam) were obtained. These values are
very close to the value of —4 to —4.5 calculated for
singly charged ions of molecular radius larger than 3.5
A in water | 1,2-dichloroethane according to Born’s sol-
vation model [10,13]. In fact, the approximate molecu-
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lar radius calculated for all benzodiazepines studied, by
the AM1 semiempirical method, are between 4.0 and
4.6 A. On the other hand, oxazepam, flunitrazepam,
lorazepam and clonazepam show bigger Alog Py, val-
ues (—4.56, —4.86, —5.56, —6.45). These values
correspond to singly charged ions of 1.0-1.5 A molecu-
lar radius according to Born’s solvation model. There is
a larger charge density in these molecules and this must
be due to a lower charge delocalization. In fact, the low
pK, values for flunitrazepam, lorazepam and clon-
azepam indicate a big localization of charge on the
nitrogen atom. Probably, the presence of electron ac-
ceptor groups NO,, CIl and F at positions 7 and 2/,
respectively, decreases the donor capacity of the non-
bonding electrons pair on the nitrogen atom, decreasing
the stability of XH™ species (strong acids).

As can be noticed in Table 1, the behavior of clor-
diazepoxide is different from the other compounds. Its
pKa value is similar to that of the first group of
molecules described above, nevertheless, its Alog P,
value is similar to those of the second group. Obvi-
ously, in this case, the different pK, (4.8) value is
explained taking into account the fact that the protona-
tion site is the secondary amine on the sp® nitrogen at

-3.5 T T T T T
40 ,‘;,_,"‘—44-
o2
7
a5] o2 ]
%
o~ -504 |5
g
2 -5.5
= 9
6.0 |
-6.54 8 E

Fig. 5. Plot of Alog Py, values vs. pK, of benzodiazepines. Same
experimental conditions as in Fig. 4.
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Fig. 6. Plot of biological activity vs. Alog Py, for some of the
benzodiazepines studied. Same experimental conditions as in Fig. 4.

position 2, which is a better electron donor than the
pyridinic sp? nitrogen. Nevertheless, an increase of the
Alog P, . value is observed, probably due to the di-
minishing possibility of delocalization or to the fact
that the charge would be better exposed to ion-dipole
interactions.

In Table 1, AY¢? (1> l0g Pyypo o and Alog Py,
values for XH3™ épezczies of midazolam and bro-
mazepam are also shown. The Alog Piﬁz values ob-
tained (—8.96 and —11.27, respectively) would
indicate that midazolam behaves as two monocharged
ions, while bromazepam can be considered a doubly
charged cation, according to Ref. [13]. These differences
can be explained by considering the different distances
between protonatable nitrogen atoms in both
molecules.

It is well known [21] that the presence of electron
acceptor substituent groups at position 7 (of the ben-
zene ring) and position 2’ (of the 5-aryl ring) increase
markedly the biological activity of benzodiazepines.
Fig. 6 shows a plot of log (1/D.y) versus Alog Py, ..
This log (1/D.y) parameter is used currently as a mea-
sure of pharmacological activity [12]. D, = effective
dose is the drug concentration (in mg day —'- (kg of
patient weight) ~') needed to obtain the expected bio-
logical effect. The values cited in this paper were ob-
tained from the literature [21]. A direct, linear
relationship is observed. As concluded above, the pres-
ence of electron acceptor groups increases the
Alog Py, values as a consequence of high charge
localization, and this is related directly to the biological
activity. It is very interesting to note that clonazepam
with an NO, group at position 7 and a Cl at position 2’
is the compound with higher biological activity (and
higher Alog Py, value) of the series analyzed. This
compound is followed by lorazepam where the NO,
group is replaced by CI (with lower electron acceptor
capacity); nitrazepam has no substituent group at posi-
tion 2’ so that the activity and Alog Py, values de-
crease. Electronegative Cl atom is present at position 7
in diazepam, but the lack of an electronegative sub-
stituent at position 2’ and the presence of a CH; donor
group on nitrogen 1 compensates the effect and no
large charge localization is observed for this molecule.
A comparison of this compound with lorazepam, which
has the same substituent at position 7 but also an OH
group on carbon 3 and another Cl atom at position 2’
and has no CH; group on nitrogen 1, explains the
different Alog Py, values obtained for these com-
pounds. Finally, bromazepam, without an acceptor
group at position 2’ and a big size substituent as Br at
position 7, is the compound with lower activity and
Alog P, values. This result shows, as first demon-
strated by Girault and coworkers [13], the importance
of Alog Py, value in quantitative structure—activity
relationship studies.
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Although benzodiazepines act as neutral molecules at
physiological pH in the central nervous system, the
correlation between the Dbiological activity with
Alog P,,,, demonstrates the effect of the different sub-
stituents on the biological activity.

4. Conclusions

The determination of log P for the ionic form of a
family of therapeutic compounds by transfer potential
measurements at ITIES, allowed us to compare its
relative hydrophobicities. Moreover, the difference be-
tween the partition coefficients of the neutral and ion-
ized forms of each compound gives important
information about the charge localization in the
molecules, which depends noticeably on the molecular
structure (geometry, resonance, substituent groups).
This, therefore, is an important parameter to be used in
QSAR relationship that takes into account not only the
effect of charge in the lipophilicity of species but also
the presence of electron acceptor or donor substituent
groups in the molecule, which often determines its
biological activity.
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