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Abstract

The detailed studies concerning capillary electrophoresis separation of aminophosphonic acid enantiomers with various
commercially available cyclodextrins are presented. The obtained results show that the separation of these stereocisomers is
dependent on pH of background electrolyte, concentration of cyclodextrin as well as on the type of applied chiral selector.
The separation mechanism is based on the co-operative effect of hydrogen bond type interactions enhanced by hydrophobic
forces and sterical constrains between aminophosphonate and cyclodextrin. With application of elaborated method,
enantiomeric baseline or partial separation ott8minophosphonic acids was achieved. This separation can be successfully
used for routine aminophosphonic acids enantiopurity determination.
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1. Introduction applied in the form of certain stereoisomer. There-
fore, it is important to have a simple and versatile
method for the determination of enantiopurity of
aminophosphonates. These compounds are usuall
obtained either by resolution of their enantiomers by
classical methods, or prepared by asymmetric syn-

thesis including the use of biocatalysis. The most

Aminophosphonic acids are the compounds
characteristic in that they possess amino and phos-
phonic acid group in their structure. The most
popular among them are-aminophosphonic acids,
which might be considered as mimetics of amino

acids and are obtained by substitution of their
carboxylic group by phosphonic or phosphinic acid
moiety. The structural similarity to amino acids
causes that they exhibit interesting biological activity
usually acting as amino acid antimetabolites and
implicates their further promising usefulness in
medicine and agriculture [1]. It is widely recognised
that the biologically active compounds are active if
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common manner of the determination of the optical
purity of these acids relays on comparison of their
specific rotation with the highest value given in the
literature. This method is, however, completely not
useful if considering new chemical structures. In
such cases, it is necessary to use NMR in chiral
media or chromatography with application of chiral
phases. The latter method usually requires derivatisa-

tion of aminophosphonates prior to analysis [2—7]
and the direct determination of their enantiopurity is
rather seldom [8-10].

Capillary electrophoresis
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seems to be a new and promising method although it obtained from Sigma, Adl@mdwas from Sigma

was used only for limited number of specific cases (Poland), ®NB was from Aldrich (Poland), and

[7,11-14]. HPe-CD and HPB-CD was from Fluka (Poland).
The main aim of this work was to determine if Hydroxypropylated cyclodextrins are characterized

capillary electrophoresis with the application of with degree of substitution 0.6.

commercially available cyclodextrins used as chiral

selectors might be considered as a fast and simple 2.2. Apparatus, background electrolyte and
method for the determination of the optical purity of experimental procedure
aminophosphonates. The presented results are exten-

sion and continuation of our previous work [13] that Electrophoretic experiments were performed on
concerned the separation of aromatic aminophospho- P/ACE 5000 capillary electrophoresis system (Beck-
nates by means of capillary zone electrophoresis with man, Palo Alto, CA, USA). Capillary zone electro-
a-cyclodextrin ¢-CD) as chiral selector (CS). In the phoresis was performed in a fused-silica capillary
preceding paper we reported the usefulness of this 57 cm (50 cm to the déet&&tpmn 1.D.X375 um
system for separation of several aminophosphonic O.D. obtained from Polymicro Technologies
acids from the set of 20 compounds differing mainly (Phoenix, AZ, USA). The capillary was cooled with
in the position and character of substitution of the fluorocarbon liquid and the temperature was set at
benzene ring. The application @fCD brought about 250.1°C. UV detection was used with a deuterium
the baseline separation for only four racemates, with lamp operated at 214 nm (bandpass filter).
six of them being partially resolved and ten not To obtain a required background electrolyte solu-
separated at all. Therefore, we have decided to apply tion, an appropriate amount of cyclodextrin to reach
other types of cyclodextrin as chiral selectors for final concentration was dissolvedlih ghbsphate
enantioseparation of enlarged set of aromatic amino- buffer or inMD.borate buffer and adjusted to
phosphonates. Several, commercially available required pH witMONBOH (one or two drops per
cyclodextrins were used for this purpose, namely: 100 ml). Experimental solutions were prepared by
B-cyclodextrin 3-CD), heptakis(2,39-dimethyl)- dissolving appropriate amount of aminophosphonic
cyclodextrin  (DMf-CD), (2-hydroxypropyl)e- acid in water in order to obtain its 1 Ivh final
cyclodextrin (HPe-CD) and (2-hydroxypropylp- concentration. Experimental procedures were identi-
cyclodextrin (HPB-CD). Additionally, some efforts cal to those described earlier [16] and were as
were undertaken in order to optimize the conditions follows: at the start and end of each working day, the
of separation regarding the influence of cyclodextrin capillary was washed witdd NAOH solution (40
concentration and of pH of background electrolyte min) and water (2 min). Prior to every run, the
(BGE). The degree of enantioseparation of aromatic capillary was washed witM ONBOH (2 min),
aminophosphonates (the structures of the studied water (2 min) and BGE (1 min). The sample was
compounds are shown in Fig. 1) is expressed as injected hydrostatically (3-s duration) by applying
separation factoraf) and resolution R,) calculated pressurized nitrogen. The electrophoretic separation
form standard literature equations [13]. was performed at applied voltage 12.5 kV.
2. Experimental 3. Results and discussion
2.1. Chemicals 3.1. The influence of background electrolyte pH

Racemic mixtures of aminophosphonic acids, were Influence of background electrolyte pH on the
either available from previous studies [15-17] or received separation fActafrcompoundsl and 10
were obtained by standard methods [18,19]. Water in the presenpeCal is shown in Fig. 2. These
used was purified with a Milli-Q system (Milipore, two compounds were chosen due to the striking

Bedford, MA, USA). The phosphorus salts were difference in their structure. Compbubebring
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Fig. 1. Structures ofv-aminophosphonates.
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Fig. 2. The influence of the background electrolyte pH on the
resolution of compound4 and 10. Conditions: for pH 5.0, 6.0,
7.5, 8.0, BGE=0.1 M phosphate buffer; for pH 9.5 and 10.0,
BGE=0.1 M borate buffer, 15 il B-CD. Voltage: 12.5 kV;
injection time: 3 s.

naphtyl moiety was one of the most hydrophobic in

the examined set of aminophosphonates, whereas

compoundlO is less hydrophobic due to the presence
of hydroxyl moiety inpara position of benzene ring,
which is able to dissociate in certain conditions. As

seen from the Fig. 2 the aminophosphonates began to

be separated into enantiomers when background
electrolyte pH value exceeded 6. This corresponds to
the dissociation of the second hydroxyl of phospho-
nate moiety as indicated by the calculate&,p
values. They are as follows: for compourddare
0.62, 5.73 for phosphonic acid group and 9.16 for
amino group, whereas for compouri® are 0.62,
5.60 for phosphonic acid group, 9.90 for phenolic
one and 10.25 for amino group [20]. It suggests that
for the resolution ofx-aminophosphonic acids, it is
crucial for the phosphonic group to be fully disso-
ciated with two hydroxy groups being negatively
charged. Such a deprotonation could increase the
possibility of the formation of hydrogen bonds
between phosphonate fragment of the complexed
molecule and hydroxyl groups of cyclodextrin and
by this manner the enantioselectivity is amplified.
Raise of pH results in better resolution and we
assume that this might be a result of the deprotona-
tion of positively charged amino group (at pH higher
than 9). The change of protonation status of phenol
group of compoundO failed to affect the resolution.

It may be, therefore, assumed that specific interac-
tions of aromatic fragment of aminophosphonate
with hydrophobic cyclodextrin cavity typical to
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inclusion—complexation mechanism and network of
hydrogen bonds formed between phosphonate and
amino groups of the molecule and hydroxyl groups
of cyclodextrin are vital for enantioseparation. This
assumption was additionally supported by experi-
ments performed with the same chiral selector
(namelyp-CD) and the pH of background electrolyte
set to 7.5 and 10 with compoun@s(containing one
hydroxyl group at para position and shorter aliphatic
chain) and9 (the same a8 but with two hydroxyl
moieties). In the case of these two compounds the
lack of resolution was observed showing that the
shortening of the distance between phenolic moiety
and aminophosphonate fragment disturbed the struc-
tural features required for the formation of inclusion
complex.
Although it is evident that the most appropriate pH
value for the resolution-afinophosphonates is
set at 10, we have selected pH equal 7.5 for the
further experiments. The reason for this was that at
high pH the electrophoretic mobility was signifi-
cantly small and caused long retention times (around
45-80 min depending on the compound) and thus
resulted in significantly prolonged time of analysis.

3.2. Effect of cyclodextrin concentration in
background electrolyte

In order to achieve proper resolution of enantio-
mers optimal concentration of each kind of cyclo-
dextrin is required. Thus, we have studied the
influence of varying chiral selector content in BGE
drR.. As a model aminophosphonate compouind
was selected. Fig. 3 shows that the resolution
depended typically on the concentration of cyclo-
dextrin nearly in the same manner despite the kind of
chiral selector used. Initially, the resolution increased
with the increase of chiral selector concentration
reaching the saturation equilibrium between free
aminophosphonate and diastereocisomeric aminophos-
phonate—cyclodextrin complex. As a result, amount
of the bound aminophosphonate did not increase and
the resolution reached plateau. The same dependence
might be observ@ddar, however, due to limited
solubility of this cyclodextrin in water the maximal
concentration possible to obtain in this background
electrolyte was MI5 m
For further experiments the following concentra-
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Fig. 3. Resolution dependence of compouhdon the cyclo-
dextrins concentration in background electrolyte. Conditions:
BGE=0.1 M phosphate buffer; pH 7.5; voltage: 12.5 KV, injection
time: 3 s.

tions of chiral selectors were chosg+CD 15 mM,
DM-B-CD 30 mM, HP-«-CD 60 nM and for HPg-

CD 40 mM, again keeping in mind compromise
between resolution and analysis time as well as the
maximal possible concentration of cyclodextrin
available under conditions of analysis.

3.3. The influence of type of cyclodextrin

The type of chiral selector applied in enantio-
separation is a very important factor that influences
the enantioseparation. The varying strength of bind-
ing of enantiomers and creation of “chiral selector—
aminophosphonate” diastereocisomeric complex is
caused by the specific weak interactions of various
origin. In our case two types of the interactions
responsible for enantioseparation seems to be rel-
evant. The first one is the formation of hydrogen
bond network created between aminophosphonic
fragment of the molecule and hydroxyl groups
present at the surface of cyclodextrin. Their strength
and geometry appear to be strongly dependent on the
mode of inclusion of the aromatic part of amino-
phosphonic acid into hydrophobic cavity of cyclo-
dextrin. In order to confirm this, the resolution of
compoundl by means of various cyclodextrins were
carried out setting the pH of background electrolyte
at 7.5 and cyclodextrin concentration at 15/mAs
shown in Table 1 (representative electropherograms
shown at Fig. 4) the naphtyl moiety is preferably
bound by B-cyclodextrin ring, which resulted in
enhanced enantioselectivity. The situation had

119

Table 1
Enantiomeric separation of compoufhdt the same concentration
of different cyclodextrins

Cyclodextrin a R,

a-CD 1.013 1.24
B-CD 1.029 2.80
DM-B-CD 1.008 0.54
HP-o-CD 1.025 2.33
HP-3-CD 1.021 1.95

Conditions: BGE=0.1 M phosphate buffer, pH 7.5, 15Mhof
appropriate cyclodextrin, voltage: 12.5 kV, injection time: 3 s.

changed when used hydroxypropylcyclodextrins,
where a slight reversal of enantioselectivity was
observed. This indicates that the proper balance
between hydrophobic interactions and network of
hydrogen bonds formed decides about relative
stability of diastereoisomeric complexes. The ob-
served difference in binding may result from the
formation of hydrogen bonds between hydroxy
groups of hydroxypropyl moiety and aminophospho-
nate fragment of compadlndvhich resulted in
partial removal of aromatic fragment of the amino-
phosphonate from the cyclodextrin hydrophobic
cavity. Interestingly, quite opposite effect was ob-
served when us#@D and HPe-CD. This sur-
prising finding suggests the existence of different
geometry of binding of naphtyl moiety bpd
B-cyclodextrins, although confirmation of this specu-
lation requires more detailed studies.
The results of experiments concerning the potency
of the used chiral selectors for the enantioseparation
of remaining aminophosphonates are presented in
Table 2. In the table are presented only these
compounds for which enantioseparation was
achieved, whereas compounds not included into the
table were not separated. It can be seen, that only
three compounds were completely iRsublad (
higher than 2.00) at pH 7.5 regardless of CD type.
They were compouhd®, 14, which represent
simple unsubstituted aromatic aminophosphonic
acids. Seventeen compounds, nantel§0, 12—
15, 17-19, 23, were more or less separated into
enantiomers. Unfortunately, there is no possibility to
derive simple structure—resolution relationship in this
case. Generally, the resolution was strongly selector-
dependent with the best results of baseline separation
obtained3f@D and HPB-CD and with DM{3-
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Fig. 4. Resolution of compountiby different cyclodextrins at the same 13htoncentration in BGE. Conditions: BGE.1 M phosphate
buffer; pH 7.5; 15 M of cyclodextrin; voltage: 12.5 kV; injection time: 3 s.
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Table 2

Compounds resolved with cyclodextrins

Compound a R,
(@ 30 mvi DM-B-CD

1 1.014 0.52
6 1.009 0.90
7 1.009 0.83
12 1.008 -
14 1.007 0.37
15 1.011 1.08
17 1.003 -
19 1.020 1.83
(b) 15 mM B-CD

1 1.027 2.96
5 1.007 0.48
7 1.009 1.94
10 1.015 1.42
14 1.24 2.40
19 1.012 1.14
23 1.005 -
(c) 60 MM HP-«-CD

1 1.058 5.98
2 1.041 3.35
3 1.016 1.58
4 1.017 1.38
13 1.001 0.62
14 1.006 0.43
17 1.008 0.87
18 1.008 0.64
(d) 40 MM HPB-CD

1 1.04 3.69
5 1.01 0.82
7 1.018 1.93
10 1.013 1.07
12 1.011 0.55
14 1.021 2.19
19 1.009 0.58
23 1.01 0.91

Conditions: BGE=0.1 M phosphate buffer; pH 7.5; voltage:
12.5 kV; injection time: 3 s.

CD being the least effective chiral selector. Com-
pounds8, 9, 11, 16, and 20—-22 were not resolved

despite of the kind of cyclodextrin used. Compounds
8, 9 and 11 constitute analogues of phenylglycine
substituted with polar groups in benzene ring and
most probably this substitution effectively prevents
their binding in hydrophobic cavities of the selectors.
Compounds20-21 constitute a group of P-alkyl

phosphinic acids and most probably this fragment of
the molecule is not able to form hydrogen bonds
with hydroxyl groups of cyclodextrin, thus diminish-

ing their effective binding. The only representative
of this group, compoun@3, which was only slightly
resolved by HRB-CD and B-CD. It is worth to
mention that its formal precursor, compousAdwas

not resolved by any off-cyclodextrins studied
indicating that the existence of the subtle equilibrium
between bonding of hydrophobic and hydrophilic
fragments of the aminophosphonate molecule is
required for enantioseparation. The lack of resolution
of compound16 is somewhat surprising. It was,
however, partially resolved by-CD as it was shown

in our previous paper (40 kh o-CD, R,=0.75, from
Ref. [13]). This compound is however of markedly
different geometry in comparison to all other studied
aminophosphonates, since the presence of ether bond
causes that the molecule is bent, which may results
in some constrains that counteract the fitting of
aromatic part in the cavity of cyclodextrin.

Some more generalization could been made if

considering enantioseparation potency of individual
cyclodextrins. There is a group of seven compounds
(Table 1a) resolved bg-CD (1, 5, 7, 10, 14, 19, 23)
with two of them being completely resolved é&nd
14). Except of compoundO (the only compound in
this group with polar substituent in phenyl ring) they
represent either simple aromatic aminophosphonates
(compoundsl and14) or analogues of phenylglycine
with phenyl ring substituted by bulky groups of low
polarity (compounds5, 7, 19 and 23). By using
DM-B-CD (Table 1b) we were able to resolve only
partially eight aminophosphonates (compoudds,

7, 12, 14, 15, 17 and 19). In this case the position of
substituents in aromatic ring played the most im-
portant role, since this selector was strongly prefer-
ential to analogues of phenylglycine substituted at
orto andpara position. If considering two remaining
cyclodextrins, namely HB-CD (Table 2c) and HP-
B-CD (Table 2d) no meaningful structure—resolution

relationship could be draw suggesting more compli-
cated fit of the aminophosphonates into binding sites
of these cyclodextrins.

4, Conclusions

The results described in this paper indicate that
separation of aminophosphonates into enantiomers is
strongly dependent on the pH of background elec-
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trolyte and cyclodextrin concentration independently determination due to its simplicity, minimal costs
on the kind of used selector. It was, however, and robustness.

difficult to set up any general rule explaining the

dependence of extend of resolution of aminophos-

phonates on both their structure or the structure of Acknowledgements
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