
Journal of Chromatography, 464 (1989) 139-147 
Elsevier Science Publishers B.V., Amsterdam - Printed in The Netherlands 

CHROM. 21088 

USE OF CYCLODEXTRINS IN ISOTACHOPHORESIS 

VII. RESOLUTION OF STRUCTURALLY RELATED AND CHIRAL PHE- 
NOTHIAZINES 

IVAN JELfNEK and JIRf DOHNAL 
Research Institute for Pharmacy and Biochemisrry. KouZrnsk6 17. 130 60 Prague 3 (Czechoslovakia) 

and 

JIRf SNOPEK*%’ and EVA SMOLKOVA-KEULEMANSOVA 

Department of Analytical Chemistry, Charles University, Albertov 2030,128 40 Prague 2 (Czechoslovakia) 

(First received September 12th, 1988; revised manuscript received November 4th, 1988) 

SUMMARY 

Commercially available phenothiazine derivatives were used for the study of 
cyclodextrin complex formation by cationic isotachophoresis with a-, /I- and y-cyclo- 
dextrin and methylated analogues of /3-cyclodextrin as leading electrolyte additives. 
The relationships between the type of solute substituent in the lo- and/or 2-position 
and the stability of the created cyclodextrin complex were studied and the results were 
utilized for the optimization of isotachophoretic conditions suitable for the resolution 
of the studied phenothiazine derivatives. Successful resolution of three racemic sol- 
utes was achieved. 

INTRODUCTION 

Phenothiazine and its derivatives are an important group of neuroleptic and 
anti-allergic drugs. More than 100 compounds derived from the fundamental phe- 
nothiazine skeleton have been synthesized and pharmacologically tested during the 
past few decades’. The most important from the clinical point of view proved to be 
derivatives substituted in the lo- and/or 2-position. 

From the analytical point of view, commercially produced phenothiazine deriv- 
atives (approximately 50 registered drugs) represent a readily available set of structur- 
ally related compounds that could be utilized as model solutes for the study of various 
separation mechanisms and for testing the capabilities of proposed analytical systems 
to give a precise correlation between structure and retention data. 

The favourable mass-to-charge ratio and suitable molecular structure of most 
phenothiazine derivatives substituted in the lo-position make it possible to utilize 

’ Present address: Laboratory of Bioseparation and Bioanalytical Methods, Institute of Biotech- 
nology, Charles University, Albertov 2030, 128 43 Prague 2, Czechoslovakia. 
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them as a model compounds for the study of cyclodextrin (CD) inclusion complex 
formation using cationic isotachophoresis (ITP). Previous experiments showed that 
cyclodextrins, behaving as specific selectors, may substantially improve the separa- 
tion of structurally related compounds and various types of isomers’-‘. The aim of 
this work was to study the interactions of cyclodextrins with structurally related 
phenothiazine derivatives and to propose ITP conditions suitable for their effective 
resolution. Attempts have been made to obtain relationships between the type of 
solute substituent in the lo- and/or 2-position and the stability of the CD complex 
formed. Particular attention has been paid to the optimization of ITP conditions 
suitable for the resolution of three racemic solutes. 

EXPERIMENTAL 

Chemicals 
Redistilled water was used in the preparation of the solutions of the electrolytes 

and compounds investigated. All chemicals were of the highest quality commercially 
available: sodium hydroxide, 4-morpholinoethanesulphonic acid (MES), fi-alanine 
(B-ALA), 37% hydrochloric acid, acetic acid, sodium acetate, L( +)-tartaric acid 
(Merck, Darmstadt, F.R.G.); 6aminocaproic acid (EACA) (Sigma, St.Louis, MO, 
U.S.A.); Natrosol 250 HR (hydroxyethylcellulose; HEC) (Hercules, Wilmington, 
U.S.A.); Zerolit DM-F (indicator) (BHD, Poole, U.K.); c(- and y-cyclodextrins (a- 
and y-CD) (Astec, Whippany, U.S.A.); /I-cyclodextrin Q-CD), heptakis(2,6-di-O- 
methyl)+cyclodextrin (diMe+CD) and heptakis(2,3,6-tri-O-methyl)-/?-cyclodex- 
trin (triMe+CD) (Chinoin, Budapest, Hungary). Natrosol250 HR solutions were 
purified by using Zerolit DM-F mixed-bed ion-exchange resin. 

The solutes investigated (Table II) were provided by laboratories of the State 
Institute for the Control of Drugs (Prague, Czechoslovakia). Sample solutions 
(2 mg/ml) were prepared by dissolving each substance in 50 mM hydrochloric acid 
and were stored in dark bottles in a refrigerator. 

Methods 
Isotachophoretic experiments were performed using a Tachopor 2127 instru- 

ment (LKB, Bromma, Sweden), equipped with a conductivity detector and a poly- 
(tetrafluoroethylene) capillary. The sample solutions were injected with a lO+l micro- 
syringe (Hamilton, Bonaduz, Switzerland). The operating conditions are given in 
Table II. 

The optical rotation of optically enriched mixtures of enantiomeric phenothia- 
zines (compounds 1, 2 and 3) were measured with a Model 241 polarimeter (Perkin- 
Elmer, Norwalk, CT, U.S.A.). 

The ITP separation pattern of the enantiomers was determined indirectly by 
comparison of ITP and optical rotation measurements for optically enriched samples 
(obtained by selective precipitation of racemates with y-CD (compound 1) or with 
L( +)-tartaric acid (compounds 2 and 3). 

RESULTS AND DISCUSSION 

The preliminary ITP experiments, aimed at selecting suitable ITP conditions, 
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showed that the optimum pH of the leading electrolyte (LE), ensuring sticient ion- 
ization and optimum ITP resolution of the solutes in the form of uncomplexed ions 
(unmodified LE) or inclusion complexes (CD-modified LE), lies between 5.2 and 5.7. 
Two electrolyte systems with MES or acetate counterions were chosen for the follow- 
ing experiments. 

To test the influence of the types of CDs used on the effective mobility and the 
possible resolution of the compounds investigated, the relative step heights, (hi),,, = 
hs - hr, / hT - hL [hs, hL and hT = step heights of the sample, LE and terminating 
electrolyte (TE), respectively] were measured. 

The effectiveness of the isotachophoretic resolution was determined on the ba- 
sis of (hi)rer differences [d(hi),,d of the solutes. According to the given experimental 
conditions determining the accuracy and reproducibility of the measurements, (hi),,, 
differences lower than 0.01 were considered to be negligible and the solute pairs 
involved to be unresoluted. A value of 0.02 was specified as the lowest d(hi),,i limit in 
order to achieve effective and practically significant solute resolution. Intermediate 
d(hi),,i values in the range 0.01-0.02 are characteristic of solute pairs that could 
hardly be separated under given ITP conditions. A low resolution, resulting from 
closely similar effective mobilities of the solutes, requires the use of long capillary in 
order to obtain a sufficient maximum load capacity’ acceptable in practice. 

All important data obtained from the experiments with single solutes are sum- 
marked in Table III. For a clearer understanding of the experimental data and an 
easier description of the role of CDs in structural differentation, the compounds 
studied were divided into several subsets in which only one structural parameter of 
the molecule was changed. With such an approach, the solutes (6,7,8,9), (4,5) and 
10,ll) can be included in subset A (with a common alicyclic or heterocyclic-contain- 
ing IO-substituent but varying 2-substituent). Analogously, the solutes (5,6, 10) and 
(7, 11) form subset B (with a common 2-substituent but varying IO-substituent). The 

TABLE II 

ELECTROLYTE SYSTEMS AND CONDITIONS FOR ITP 

Parameter Conditions 

Leading electrolytes: 
LEI 

LE II 

Terminating electrolytes: 
TEI 
TE II 

Capillaries: 
I 
II 

Current 

10 mM sodium hydroxide including 0.04% HEC adjusted 
with MES to pH 5.57 

10 mM sodium acetate including 0.04% HEC adjusted 
with acetic acid to pH 5.55 

10 mM EACA 
10 mM /J-Ala 

250 mm x 0.55 mm I.D. 
520 mm x 0.55 mm I.D. 
For capillary I, LE I and II and TE I: 150 fi (5 min), 

50 PA for detection 

Thermostat temperature 
Detection 

For capillary II, LE II and TE II: 100 PA (15 min), 
50 PA for detection 

18°C 
Conductivity 
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i +lMIN* 
d 

-TIME- 

Fig. 1. ITP separation of a mixture of compounds 6-9. Electrolyte system: LE I with 10 m&8 triMe-/?-CD 
and TE I; capillary I. Injected volume: 2 fl (concentration of each compound = 0.5 mg/ml). R = detector 
response; i = conductivity signal; d = differentiated conductivity signal. 

most interesting from the analytical point of view is probably subset C, containing 
racemic solutes (1, 2, 3). 

ITP resolution of subset A solutes. 
The (hi),,1 difference of solutes 6 and 9 with the unmodified electrolyte system 

LE I, TE I is not significant and the system does not resolve them. Solute 8 is not able 
to form a stable zone owing to its low solubility under the given ITP conditions. 

The addition of a-CD to LE I significantly improves the solubility of solute 8 
and makes it possible to differentiate 8 and 9, with bulky -SCzHS and -S02N(CH,), 
substituents, from 6 and 7, with small Cl and CFJ groups in the 2-position. In- 
creasing the a-CD concentration results in a significantly stronger retardation of 
solutes 6 and 7. It can be assumed that the mentioned bulky substituents protect one 
of the aromatic rings of phenothiazine against complexation with the relatively small 
a-CD cavity whereas Cl and CF3 substituents are still dimensionally acceptable for 
complexation. 

The (hi)rei differentiation of solutes 6,7,8 and 9 is not achieved with /I-CD- and 
diMe+CD-modified LE I, even though the retardation effects are much more signif- 
icant than with a-CD. This result does not conflict with the mentioned concept of 
blockage of a-CD binding positions by the phenothiazine 2-substituent. An increase 
in the diameter of the CD cavity (a-CD < diMe+CD < B-CD) makes the differ- 
ences in the dimensions of the 2-substituents not so critical for inclusion complex 
formation. 

The measurements with y-CD-modified LE I demonstrated the possibility of 
the resolution of solute 6, which is less retarded from the others. Such a reappearance 
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of structurally based complexation selectivity, which was unexpected owing to the 
large size of the y-CD cavity, indicates a fundamental difference in the structure of the 
y-CD-phenotiazine complexes. 

Only triMe+CD proved to be an efficient LE I additive for complete (hi),,i 
differentiation of the solutes studied. It ensures both solubilization and the effect of 
structural differentiation of the solutes depending on the type of 2-substituent. An 
example of the successful ITP separation of solutes 6,7,8 and 9 with a triMe-B-CD- 
modified LE I is shown in Fig. 1. 

Solutes 4 and 5 are able to migrate isotachophoretically in the unmodified LE I, 
TE I electrolyte system, but they could not be resolved here. The studied CDs added 
to LE I, except diMe+-CD, improve the resolution of these compounds. The cyclo- 
dextrins could be arranged in the order y-CD < a-CD < B-CD < triMe+CD with 
regard to their (hi)rei differentiation effect. The separation pattern of solutes 4 and 5 
with a-, /I- and triMe+CD in LE I is in agreement with our previous experiments; 
solute 5, containing a covalently bonded halogen substituent on the aromatic ring, 
forms stronger inclusion complexes than the unsubstituted solute 4. A reversed sep- 
aration pattern was observed at higher y-CD concentrations (20 mM), which sup- 
ports the idea that the phenotiazine molecule binding sites for y-CD differ from those 
for a-, fl- and triMe+CD. 

Similar conclusions could be drawn for solutes 10 and 11. The (hJrel differences 
in the unmodified and /?-CD-containing electrolyte systems is negligible. The addition 
of a-CD to the LE causes a stronger retardation of solute 10; y-CD and triMe+CD 
reverse the separation pattern. 

ITP resolution of subset B solutes 
From the experiments with subset B solutes it can be generally concluded that 

complex formation with the CDs studied depends significantly on the structure of the 
lo-substituent. The weakest retardation was observed for solute 5, with an alicyclic 
IO-substituent. Introduction of a piperidine ring into the IO-substituent (solute 6) had 
an important effect, supporting inclusion complex formation with the CDs studied. 
The cyclodextrins could be arranged into the order /I-CD < diMe+CD < a-CD < 
triMe-/?-CD c y-CD with respect to their influence on the (h&i differentiation of 
solutes 5 and 6. 

Extension of the hydrocarbon chain in the lo-substituent and its termination 
with an OH group [solute 10 (ll)] is a structural change that alters especially the 
complex formation with y-CD. The addition of y-CD to LE I results in a strong 
retardation of solute 6 (7) and inversion of the separation pattern of solutes 6 and 10 
(7 and 11) compared with the unmodified elctrolyte system. The other CDs tested did 
not show any positive resolution effect, their addition resulting in a decrease in the 
(hi),,, differences. 

Chiral resolution of subset C solutes 
Two electrolyte systems, with MES (LE I) and acetate (LE II) as counterions, 

were used. The experiments showed that the chiral resolution of solute 1 enantiomers 
could be achieved with y-CD-modified LE I or LE II only. The other CDs tested 
proved to be enantiospecifically ineffective. Although it is not possible to compare 
directly the (hi),,, differences for the two enantiomers obtained with LE I and LE II, it 
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Fig. 2. ITP separation of enantiomers of compounds 1,2 and 3. Electrolyte systems: LE I with 5 mM y-CD 
for 1, LE II with 3 mM j3-CD for 2 and LE II with 1 mM /?-CD for 3; TE I for 1 and TE II for 2 and 3; 
capillary I for 1 and II for 2 and 3. Volume injected: 2 ~1 for 1 and 1 ~1 for 2 and 3 of racemate solutions. 
+ = Dextrorotatory and - = laevorotatory isomer. R, i and d as in Fig. 1. 

can be concluded that the effective chiral resolution of solute 1 with LE II could be 
achieved with substantially lower y-CD concentration than with LE I. The possible 
explanation of this result is based on differences in the stability of the competitive 
counter-ion inclusion complexes. The small acetate ion, in comparison with the 
heterocycle-containing MES, is not able to block effectively the CD cavity and thus 
compete against the CD-solute complex formation. 

The choice of ITP conditions suitable for chiral resolution of solutes 2 and 3 is 
more complicated. B-CD, which seems to be the only enantioselective additive suit- 
able for the resolution of both racemates, provides only a slight differentiating effect 
and makes the optimization of other ITP conditions critical. It is not possible to 
achieve chiral resolution with electrolyte system LE I, TE I, probably owing to the 
above-mentioned counter-ion complex formation which cancels completely the 
eniantioselectivity of B-CD. Strong retardation effects of D-CD added to LE II re- 
quires the use of the slower TE II, which makes it possible to work at optimum /?-CD 
concentrations without the risk of losing the solute in the terminator zone. To im- 
prove the maximum racemate load, (nJmax6, it was necessary to use the longer capil- 
lary II. 

A practical example of the resolution of racemic solutes 1, 2 and 3 under opti- 
mum ITP conditions is demonstrated in Fig, 2. 

CONCLUSIONS 

Cyclodextrins, as LE additives, were successfully applied to the improvement of 
the resolution of various commercially available phenothiazine derivatives. The im- 
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portant characteristics of the CD-based separation process were studied. The solu- 
bilization effect of CDs permits the analysis of poorly soluble phenothiazine deriv- 
atives in aqueous electrolyte systems. Structurally related phenothiazine derivatives 
could be resolved effectively with CD-modified electrolyte systems, depending on the 
differences in their 2- and lo-substitution. 

The chiral resolution of racemic phenothiazine derivatives could be achieved 
with /I- or y-CD-modified electrolyte systems. Some additional parameters, such as 
the type of counter ion used, play a crucial role in the quality of the chiral resolution 
and must be involved in the optimization procedure. 

The method developed is very advantageous for practical monitoring of phe- 
nothiazine synthesis or drug analysis and broadens the applicability of CD inclusion 
pseudo-phases in isotachophoresis. 
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