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Abstract

Capillary electrophoresis (CE) was used as a method to determine the acidity constants of eight aromatase inhibitors. This method was
validated by comparison of results obtained with a traditional method, UV spectroscopy, and additionally with computational calculations.
We confirmed here, with our series of compounds, that capillary electrophoresis is an attractive metkgdfeagurements which is based
on migration time or mobilities of the ionic species over a range of pH values. The precisikn wigasurements &-imidazole derivatives
is useful to observelf, shifts induced by chemical modifications introduced on adjacent aromatic rings such as heterocycle (benzoxa- or
benzothiazolinone) or substituted benzyle. The knowledge of tH€segues is a great interest to predict migration of solutes and qualitative
interactions with ionized cyclodextrines as chiral selectors in further enantioseparative CE studies.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction liquid chromatography (HPLC) using derivatized cellulose
and amylose chiral stationary phadé$. In the continu-
Compounds such as vorozole, anastrozole and more redty of our work on the enantioseparation of biologically
cently letrozole Fig. 1) are useful in second-line therapy active racemates, we performed the same experiments
of oestrogen-dependent breast cancer in postmenopausdby capillary electrophoresis (CE) using native or substi-
women [1]. Six benzoxazolinone and two benzothiazoli- tuted cyclodextrin (CD) as additive chiral selector in the
none derivatives with adjacent imidazole moiety have been background electrolyt¢6]. For developing separative CE
designed as P-450 aromatase inhibitors on the basis of pharmethods, the ionization constant of solute has become of
macophore model developed by Auvray and co-workers great importance especially when using an ionized chiral
(Table ) [2,3]. In vitro activities of many of them were selector to predict the migration of solute and to per-
higher than fadrozole one’s, the lead compound of this se-form the enantioseparatiof6]. Additionally, studies of
ries (Fig. 1. It is noteworthy that there is a great interest selector—selectand interactions such as stoichiometry mea-
to develop this class of therapeutic agents for treatmentsurements of complexes or binding constant determinations,
of breast tumourf4]. For fadrozole, the eutomer is the could be performed using NMR spectroscopy, electrospray
(9-form. Since our compounds possess stereogenic cen-onization mass spectrometry or spectrofluorimdirys.
tres Fig. 2, we described recently the chiral resolution Moreover, the knowledge of ionization constants is an im-
of benzoxa- and benzothiazolinone by high-performance portant challenge for the understanding of some chemical
phenomena such as biological uptake, pharmacological
mspondmg author. Tels33-3-20-96-47-01: activity or in vivo biodi_sponibility. Hence, thle d.iscovery
fax: +33-3-20-95-90-00. of new molecules requires accurate determination Kf p
E-mail address: cvaccher@pharma.univ-lille2.fr (C. Vaccher). values.
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Letrozole Fadrozole Fig. 2. Chemical structures of thé-imidazole derivatives studied.

Fig. 1. Non-steroidal aromatase inhibitors.
In this study, the electrophoretic behaviour of a series of
imidazole derivatives has been investigated using CE with
Recently, CE has been used as a convenient method fordirect UV detection in background electrolyte adjusted at
precise measurements of ionization constants in aqueous bylifferent pH values. lonization constants have been deter-
Matoga et al]9] and in aqueous—organic buffers by Buck- mined and these values were confirmed by a UV spectropho-
enmaier et al[10]. Several advantages of CE methods ver- tometric method and computer calculations.
sus the classical Ky determinations (potentiometric and
spectrometric methods) have been described in numerous
publications such as rapidity or flexibility. Furthermore, the 2. Theoretical background
method requires small amounts of sample at low solute con-
centration without the knowledge of its exact value. Poten-  Imidazole derivatived—4, 6 and7 are basic compounds,
tial impurities do not interfere with the calculation oKg mono-base B, where the acid—base dissociation constant
which is based on the migration time exclusively without is defined as:
peak quantificatiofl1]. Ka [B](H)
Usually, results are successfully compared kg, palues BHt=B +HT, Ka= ——r0
obtained with two other reference methods as potentiometric ven+[BHT]
or UV spectrophotometric techniques. Thiéspestimation where (H") is the activity of the protons, [B] and [BH the
could be achieved by a reversed-phase liquid chromatogra-concentrations of neutral and protonated forms agg-
phy method tod12]. the activity coefficient of ionized species.
In CE experiments, it is well established that pH influ-
ences the electrophoretic behaviour of studied substances.

1)

Table 1 - _ The electrophoretic mobility of the analyted) is varied be-
Electroosmotic mobilityueof, @s a function of electrolyte pH tween a zero value (neutral form) to a maximum value (the
pH Heof (x10-2cm?V—1st) ionized form, withjze = pgy+). In the pH range around the
3.88 6.8 pKa of interest, theue value is defined as follows:

il 128 e = (%BH) g )
5.82 17.9 . . -
6.15 20.2 where %BH" is the molar fraction of the protonated imida-
6.6 23.0 zole derivative angigy+ its electrophoretic mobility.

6.96 245 So,Eq. (2)becomes:

7.65 27.2

8.73 30.6 [BHT]

9.16 30.3 Me = W:‘LBH+ )
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Finally, a relation between pHKp and the electrophoretic
mobility of compound can be written froiags. (1) and (3)

(H)

) 4
(HY) + ygy+ Ka OF )

He =

The experimentale value is calculated from:

LyqL: (1 1

4 (fm fO)
where uapp is the apparent mobility of the solutgeqr the
electroosmotic mobility of a neutral markete, (app (eof
and ugy+ are expressed in W ~1s1 Ly (cm) is the
distance from the injection point to the detectby,(cm)
the total length of capillary antf (V) the applied voltage.
tm andtp (s) are the migration times of the analyte and the
neutral marker (acetone), respectively.

Finally, Eq. (4)can be rearranged to give a linear expres-
sion between e andygy+/(ugy+ (HY)), i.e.:

()

MHe = Happ — Heof =

1 VBHt 1
— =K,
Me peH+(HT)

TheKj, and theugy+ values are directly obtained from the
calculated slope and the ratio (1/intercept) with an activity
coefficient, ygy+, calculated from Debye—Hiickel's theory
at 25°C according tcEq. (7}

(6)

0.508572/1
logy = ———————— (7)
1+ 0.328%x+/1
1
1=3 > ciz? (8)

wherew is the hydrated diameter of the ion, generally un-
known but assumed to be 5 &, the molarity of the ionZ
the valency of the ion antithe ionic strength of the solu-
tion. In our experimentsygy+ was considered as constant

(calculated values are between 0.78 and 0.86 in the ionic

strength range 0.023-0.074).

Eq. (4)is used for all studied mono-bases except for two
compounds § and 8) which are described by two dissoci-
ation constant&y; and Kz2. Compound8 is a di-base B
where ugy,2+ and ugy+ are the electrophoretic mobilities

of the first and the second protonated species formed from

this analyte, respectively.e is then defined as follows:

Ka1
BH,2t =BH* + H*
Ka2 ’

BHT =B+ H"
_ ver+ (HD) g2 + var,2r Kat(H ) gy

Yent+ (H)2 + vy 2+ Ka1(HT) + vgp,2+ v+ Ka1Kaz

(9)

whereygy,2+ andygy+ are the activity coefficients of pro-

tonated species.
The ionization constant of compouns, named BA

He
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mined using the method of Ishihama et §l3]. ue is
defined by:

Ka1
BAH,T = BAH + H*

Ka2 ’
BAH=BA~ + HT
VBA~ (H+)2MBAH2+ + vBAH,*+ Ka1Ka2upa-

~ vea- (HD2 4+ yvpan,+ vea- Ka1(H) + van,+ Ka1Ka1
(10)

He

where pugan,+, Upa- and ygau,+ Yga- are the elec-
trophoretic mobilities and the activity coefficients, respec-
tively, of the corresponding charged species.

All pKj values and the limiting mobilities of each indi-
vidual ionized imidazole derivatives are then determined by
adjusting the experimental values of these four-parameter
equations through the utilisation of GraphPad Prism soft-
ware.

3. Experimental
3.1. Reagents

New 3-methyl-6-[1-(imidazo-1-yl)-1-phenylmethyl] ben-
zothiazolinone and 3-methyl-6-[1-(imidazo-1-yl)-1-phenyl-
methyl] benzoxazolinon&-8 were synthesized by some of
us. Phosphoric acidd(= 1.71, 85%), triethylamined =
0.72, 99%) and acetone were obtained from Sigma (Saint
Quentin Fallavier, France). The other reagents used in the
experiments were all of analytical grade and all buffers were
prepared with water from a Milli-Q water purification sys-
tem (Veolia Water, STI, Le Plessis Robinson, France).

3.2. Apparatus

Capillary electrophoretic experiments were performed us-
ing a Beckman P/ACE MDQ series capillary electrophore-
sis system with diode-array detector from 190 to 600 nm
and system 32 Karat version 4.0 software (Beckman Instru-
ments, Villepinte, France). The pH of the buffer solutions
was measured using a combination pH electrode (Hanna In-
struments, RI, USA).

All spectroscopy data were acquired on a Kontron UV-Vis
spectrometer (Uvikon Instruments, Trappes, France). Graph-
Pad Prism version 3.0 software (San Diego, CA, USA) was
used to performed linear and non-linear regression analysis
on the data. The computational predictions were made using
ACD/pKj software from Advanced Chemistry Development
(Toronto, Canada).

3.3. Buffers preparation

Phosphate buffers of different pH values were prepared
by addition of triethylamine to 25 mM POy. The ionic

and characterised by amphoter property, was also deter-strength of the buffers ranged from 0.023 to 0.074. For
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practical reasons, it was pHhe activity-corrected pH, not  and calculateqieor are given for a mixture of 1% acetone

the thermodynamic pH, that was used to describe the acidityin 99% water. The relative standard deviation of g

of the buffer. values, calculated from three injections, was between 0.8%
The buffers were first filtered through a 0.4 filter and (neutral and alkaline conditions) and 3% (acidic region). The

degassed in an ultrasonic bath prior to use. Buffer solutions et first increases from pH 3.88 to 7.65 and then is stable

were tested for stability of the pH value. Electrolyse was in the range studied.

observed at both cathode and anode, with alkalisation and

acidification of the buffer solutions, respectively. This draw- 4.2. Choice of buffer pH range

back is prevented by the replacement of the buffer solutions

every ten runs. To measure the K, values of the homogeneous chem-

ical class as imidazole series described here, a phosphate

buffer was chosen which permits to perform a wide pH range

around the expected<p values. A pH range comprised be-

For CE experiments, ethanol stock solutions of 2igof tween 3.88 and 9.16 has been used. The phosphate buffer at

all eight imidazole derivatives were prepared and used for PH 3.88 allowed to measure the maximum electrophoretic

further dilutions as necessary. The working solutions were mOb'“tY Olf theffuhlly '0”'?69 |'m|d.azol;:‘s. To c;}ontrol the re-
done by diluting the stock solutions in each corresponding producibility of these, six injections for each mono-bases

buffer. The final concentration was 100 mgd lin phosphate  (cOmpoundsl—4, 6 and7) or for the di-base (compourk)

buffer with 1% acetone as a neutral marker. The solutions WEre run from pH 3.88 to 9.16. The relative standard devi-
were always degassed in an ultrasonic bath prior to use. ation of the effective mobilities was between 2.5% (neutral

Samples of 10 mgi! of a given compound were used for and alkaline conditions) and 1.1% (acidic region). For the

each spectroscopic determinations. The spectra of solutionsamphmytef" different relative standard deviation (from six

were recorded in a wavelength range of 200-400 nm runs) was obtained with 0.9% in alkaline or acidic condi-
' tions and 3% in neutral pH condition.

3.4. Samples preparation

3.5. Electrophoretic conditions 4.3. Choice of buffer concentrations

The CE separations were all done with the conventional  pq previously described by Matoga et §)], ideal elec-

operating (anodic injection, mode short end). An uncoated {;ophoretic conditions are a compromise between a constant
fused-silica CE column (50.2cm (40cm to detector)  jgnjc strength (obtained with high buffer concentration to al-
50pm i.d) was obtained from Composite Metal Services o 3 petter stability of the buffer solution pH) and low Joule
(UK). The temperature of the capillary was maintained at peating (minimum effect with diluted buffers). We have cho-
a fixed level (25C) by means of a liquid coolant in the  ge 1o privilege weak concentration of 25 mM which induces
capillary 03””‘?'96- ) , . a current intensity between 5.3 and 304 without Joule
New capillaries were rinsed with 0.1 M NaOH for 30 min, - gftect. Although different amounts of triethylamine were
water for 30min and the running electrolyte for 20min. a4ged to the buffer solutions to adjust pH, the activity coef-
Between runs the capillaries were washed with 0.1 M NaOH fjcients of the overall buffer series remained almost constant

for 2min, water for 2 min and equilibrated by flushing with (ygu+ calculated from 0.78 to 0.86 in the pH range).
the running electrolyte for 5min. All injections were done

in the hydrodynamic mode (5s, 1 psi; 1psi689476 Pa). 4.4. Calculation of pK,, values

The capillary was operated at 20 kV with the current not

exceeding SQ.A. The detection wavelengths were 194 and | the present paper, we studied the determination of the

218nm for benzoxa- and benzothiazolinone, respectively. gissociation constant of imidazole derivatives by capillary

Six replicate injections were performed for each imidazole ,,ne electrophoresis as well as by spectrophotometric tech-

derivatives and average electrophoretic mobilities were Usednique as comparison method. Since the buffers employed

in the calculation of Ka. had different ionic strengths, electrophoretic mobilities were
plotted against activity-corrected pH, of the buffer (pH
Plots shown irFigs. 3 and 4re obtained for the mono-base

4. Results and discussion derivatives1-4 and for the divalent compounds and 8,
respectively. The I§; can be graphically determined at the
4.1. Choice of electroosmotic marker inflexion point of the sigmoidal curve. For precise determi-

nation of K, values, in the case of monovalent compound,
Acetone, acetonitrile, methanol, and dimethyl sulphoxide we used the linear regression analysis on the data according
were tested as electroosmotic flow (EOF) marker substancesto Eq. (6) An example of linear regression with imidazole
The best results (high absorbance and symmetrical peaksyerivative?2 is given inFig. 5. As for all monovalent com-
were obtained by using acetone.Table 1 the pH values pounds, the correlation coefficient valuedor the linear fit,
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Fig. 3. Dependence of effective mobilities of four imidazole deriva-
tives, mono-bases (O), 2 ((J), 3 (@) and4 (M), vs. activity-corrected
pH. Capillary: 50.2cm (40cm to detector) 50pm i.d.; field strength:
0.40kV cntl; temperature: 25C; pressure injection: 5s at 1 psi; detec-
tion: 194 and 218 nm for benzoxa- and benzothiazolinones.

was greater than 0.985. Slope and intercept values for com-

pound2 are(5.8840.31) x 10~ and(6.73+0.85) x 103,
respectively. All X5 values calculated from the slopd&y]
are given inTable 2

As expected, we observed double inflexion point for the
ampholyte5, whereas the curve observed for compo@énd
shows a mono-sigmoid shape which gives a mé&nvalue
of 5.80. This result could be explained b¥pvalue of
pyridine, with published value of 5.3fL4], close to the
determined 4 of imidazole groups in this series.
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Fig. 5. Compouna. Plot of the reciprocal electrophoretic mobility.d)
as a function ofygy+/(1gy+ (HT)) in a pH range of 4.42-7.76.

Table 2
pKa values of the eight imidazole derivatives obtained by computer cal-
culations, CE and UV spectroscopy

Compound Computer CE Spectroscopy
calculations
1 6.43 6.17+ 0.05 6.20+ 0.12
2 6.42 6.23+ 0.05 6.25+ 0.15
3 6.20 5.83+ 0.07 5.87+ 0.11
4 6.20 5.86+ 0.06 5.89+ 0.13
5 6.43 6.40+ 0.07 -
9.47 8.69+ 0.04 -
6 - 6.05+ 0.06 -
7 - 6.23+ 0.03 -
8 - 5.80+ 0.03 -

O T T T T T
3 4 5 6 7 8
() Activity corrected pH
2_
N
o
—
X1
‘0
>
~ 0 T T T T T
E 4 5 6 7
= Activity corrected pH
3 -14
(B)

Fig. 4. Dependence of effective mobilities of imidazole derivatives vs.
activity-corrected pH for: (A) ampholyt&; (B) di-base 8. Capillary:
50.2cm (40cm to detectory 50wm i.d.; field strength: 0.40kV cr;
temperature: 25C; pressure injection: 5s at 1 psi; detection: 194 nm for
benzoxazolinones.

a8 Mean value calculated from the mono-sigmoid curve.

The Ky value of compound can also be calculated by
using a non-linear regression model on the experimental pair
values of pH andie as described ifsection 5

The Kj values of the four imidazole derivativds4 ob-
tained by CE are close to those determined by UV spec-
troscopy, with values comprised between 5.80 and 6.23. An
acceptable correlation is observed between CE and com-
puter calculationsTable 2. The lowest correlation between
CE and computational values may be explained by inher-
ent limitations of the prediction software, such as incorrect
modelling of the molecular fragments or difficulty in han-
dling compounds with multiple ionized functions, illustrated
by results of compouné.

N-Substituted imidazole Ky values have been re-
ported for derivatives with methyl or phenyl substituents
[15]. pKa values were determined for imidazole and
N-methylimidazole compounds with slight difference
(pKa = 7.43 and 7.20, respectively). On the other hand,
aromatic substitutions should affect dramatically the ba-
sicity of the nitrogen illustrated by aKp value of 5.39
for the 4-(imidazol-1-yl)acetophenonf5]. In the present
study, significant differences ofKp values are observed
for N-substituted imidazoles with guara-cyanobenzyl
(p-CN-benzyl) group compared to the analogues without an
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electron-acceptor substituent placed on the aromatic ring.tiomeric separation in aqueous solutions (generally per-

A direct comparison of thely, values of compounds and formed by CE) or affinity constant determinations (by CE

2 on one hand and compound@sand4 on the other hand, or by spectroscopic methods as NMR or fluorescence). We

demonstrated the basicity decrease of compounds withwould perform CE methods for enantiomeric separations

para-cyano substituent of aromatic ring in the benzoxa- or and affinity constant determinations of our compounds with

benzothiazolinone series. Replacement of gF@N group neutral or anionic cyclodextrines at compatible pH range

by an weaker electron acceptor @£l substituent on the  for fully ionized forms. Furthermore, fluorimetric experi-

aromatic ring (compound versus compound) leads to the ments have to be performed for affinity constant determi-

pKa value of compound. (pKa = 6.17 & 0.05). Influence nations of aromatase inhibitors with intrinsic fluorescent

of the substituent position of the cyano group is investigated properties.

by comparison of the ¢, values of compound8 (p-CN,

pKa = 5.83+ 0.07) and6 (mCN, pKy = 6.05 + 0.06).

Them-CN group influence on the basicity of the endocyclic Acknowledgements

nitrogen is lower than th@-CN group. This result illus-
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In other way, no significant difference oKp values were for the determination of Ig; values by computational
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compound4) which demonstrated that the presence of O
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