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ABSTRACT

A Novel, Single-Isomer, Sulfated Cyclodextrin for Use as a Chiral Resolving Agent in
Capillary Electrophoresis: The
Sodium Salt of Octakis(2,3-di-O-methyl-6-O-sulfo)-y-Cyclodextrin. (August 2002)
Michael Brent Busby, B.S., The University of Texas at Tyler

Chair of Advisory Committee: Dr. Gyula Vigh

A novel, single-isomer, sulfated cyclodextrin, the sodium salt of octakis(2,3-di-
O-methyl-6-O-sulfo)cyclomaltooctaose (ODMS) was used as a chiral resolving agent in
both aqueous and non-aqueous chiral mediated electrophoretic separation of a large set
of pharmaceutically active weak acids and bases as well as UV absorbing neutral
enantiomers. Eight of the thirteen weak acids and 45 of the 48 weak bases showed
selectivity sufficient for baseline resolution in one or more of the three background
electrolytes (BGE's) used. Seven of the sixteen neutral compounds screened were found
to exhibit selectivity in at least one of two aqueous BGE's.

A four step synthetic method was used to produce on a large scale the title
compound in greater than 98% purity. Synthetic intermediates and the final product were
characterized according to purity by HPLC-ELSD and indirect UV-detection capillary
electrophoresis (CE), respectively. X-ray crystallography, MALDI-TOF mass
spectrometry and 'H as well as "C NMR spectroscopy allowed for unambiguous

characterization of the structure of each intermediate and the final product.
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CHAPTERI

INTRODUCTION

1.1 Enantiomer Separations by Capillary Electrophoresis

A chiral molecule is one that is non-superimposable on its mirror image. For a
molecule to be chiral, it must not possess any second-order symmetry element including
a mirror plane, an inversion center or a rotation-reflection axis. Two chiral molecules
that possess identical atomic constitution but differ in the three dimensional arrangement
of their atoms are stereoisomers of one another. Examples of stereoisomers include, but
are not limited to diastereomers and enantiomers. While diastereomers are stereoisomers,
they are not mirror images of one another and thus, they are often sufficiently different in
some physical property that will facilitate their separation. Enantiomers, however. are
stereoisomers that are also mirror images of one another. Enantiomeric species have all
similar physical properties except that they rotate plane polarized light with the same
magnitude in opposite directions. For this reason, they are often referred to as optical
isomers.

Separation of enantiomeric molecules has long been attractive to researchers not
only for reasons of academic interest but also because they are ubiquitous in living
systems. Chirality plays a fundamental role in the processes of living systems where
stereoisomers are almost always distinguishable in their pharmacokinetic and toxicologic

effects. A prime example is thalidomide, introduced in 1954 as a muscle relaxant for

This thesis follows the style and format of Journal of Chromatography A.



pregnant women. It was sold as a racemic mixture of both optical isomers. While one
isomer functioned solely as an effective muscle relaxant, the other was unknowingly a
teratogen. The ingestion of the racemate by the pregnant mothers resulted in thousands
of children being born with severe birth defects. Awareness of the role of chirality in
living systems eventually prompted the FDA to adopt policies requiring qualitative and
quantitative knowledge of the isomeric composition of any drug brought to clinical trials
and that manufacturing specifications include, “ assurance of identity, strength, quality
and purity™ of the composition from a stereochemical viewpoint [1].

Research in chiral resolution and more specifically enantiomer resolution has
since exploded. Developments in asymmetric synthesis and combinatorial chemistry
have led to demand for high speed, high throughput analysis using minute sample
amounts and inexpensive materials. Analytical separation methods commonly used for
enantioseparation include thin layer chromatography (TLC) [2], gas chromatography
(GCQ) [3], high performance liquid chromatography (HPLC) [4]. capillary electrochrom-
atography (CEC) [5] and micellar electrokinetic chromatography (MEKC) [6], all of
which use chiral modified stationary and/or mobile phases to bring about the separation
of chiral analytes. Free zone capillary electrophoresis (FZCE) has become increasingly
popular due to its inherent high efficiency, inexpensive material requirements and ease of
automation. Each of the aforementioned analytical techniques suffers to different degrees
from multiple band broadening mechanisms. TLC, HPLC and MEKC are inherently
lower efficiency separation methods than FZCE, with HPLC and MEKC providing only

around 20.000 theoretical plates/column due, predominantly, to band broadening effects
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related to resistance to mass transfer and. in the case of MEKC, electromigration
dispersion (EMD) effects. TLC is 1 to 3 orders of magnitude lower in separation
efficiency. Open tubular GC. although limited to analysis of samples with volatile
components, offers around 100,000 theoretical plates/column and is probably the most
versatile chiral analysis tool with current commercially available instruments equipped
with both universal and specific detectors and well over 100 different chiral stationary
rhases available. FZCE is limited to the analysis of ionic samples soluble in some
electrically conductive solvent, but offers higher separation efficiency than any other
separation method. Because there is no stationary phase, FZCE suffers only diffusive
band broadening and EMD, with separation efficiencies often exceeding 1,000,000
theoretical plates/column. Detection methods most commonly used in CE are UV
detection however, the development of suitable detection methods for use with capillary
electrophoresis is ongoing. Many recent advancements have been made including
coupling CE to various mass spectrometric detectors [7-9], NMR [10], near-IR/
Flourescence [11] and, most recently, nitrogen specific chemiluminescence detectors
[12].

CE separations are based on the difference in the charge to hydrodynamic radius
ratio of the sample components in the BGE under an applied electric field. This relation

theor:

is expressed by Stokes’ mobility (u™*) equation,
e =z / 6mna 1)

where z is the component charge, ¢, is the elementary charge, 7 is the molecular

viscosity and a is the hydrodynamic radius of the migrating component. This relation has



only limited applicability as it is difficult to obtain exact and meaningful values for either
the molecular viscosity or the hydrodynamic radius experienced by a migrating ion [13].
Mobility relates the speed (s) with which each component moves through the applied
field to the applied field strength (E*). The constant of proportionality is a component’s
obsetved mobility (),

5= p B @
which is a function of the migrating components effective mobility and the nonspecific
electroosmotic mobility (n°).

o= et 3)
The electroosmotic flow (EOF) is an electrohydrodynamic phenomenon. The EOF in a
capillary has a plug-like flow profile and thus causes little band broadening.
Electroosmotic mobility is related to the zeta potential (&),

pe=Le/n S}

where g is the relative permittivity of the BGE. The EOF can be controlled by fixing
either the zeta potential or the viscosity of the BGE. Control of the zeta potential can be
as simple as buffering the pH of the BGE [14].

The acidic silanol groups formed from hydrolysis of the wall of fused silica
capillaries have pKa’s in the range of 1.5 to 7.0. At low pH, the EOF is maintained at
relatively low values because the charge density of the capillary wall is low as compared
to that observed at high pH where more of the silanol groups are deprotonated. Other

means to contro! the EOF include capillary wall coating and covalent modification of the



capillary wall.

In CE. peak resolution is not dictated by separation selectivity alone but, is also
dependent on the relative migration direction and magnitude of the mobility of the
enantiomers and the EO. Normalized electroosmotic mobility (B) is defined as,

B = n/p," (%)
where ™ is the effective mobility of the slower enantiomer. When f = -1, the EOF is
equal in magnitude but opposite in direction to the mobility of the more slowly migrating
species. The result is the more slowly migrating enantiomer is locked in its position in
the capillary while the other enantiomer migrates away from it. Rawjee and Vigh [15]
proposed a resolution (Rs) equation for CE that takes into'account the effects of the B

value.
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where 1 is the capillary length. k is Boltzman’s constant and « is the separation

selectivity defined as o = p, /.

For CE enantiomer separations, the convention is to
assign subscript 2 to the enantiomer, either R or S, that migrates more slowly at the
lowest chiral selector concentration used. This definition yields separation selectivity
values in the - < . < = range. The resolution surfaces generated from equation 6 and
shown in figure 1 illustrate that resolution in CE can be improved with use of higher

electric potentials, controlling the EOF to keep B near -1, increasing separation

selectivity and through increase of the effective charge of the enantiomers.



Resolution

Figure 1. Peak resolution surfaces for 7-charged and 14-charged analytes as a function of

separation selectivity and normalized electroosmotic mobility.



1.2 Cyclodextrins as Charged Chiral Resolving Agents

Separation of enantiomers involves their differentiation through diastereomeric
interaction with other optically active molecules. While many different chiral resolving
agents have been investigated for use in enantiomer separations including but not
limited to chiral crown ethers [16], chiral cryptands [17]. proteins, chiral surfactants and
macrocyclic antibiotics [18], cyclodextrins (CD’s) have moved to the forefront of
enantiomer separations research [19-22]. This is in part because native CD’s are
inexpensive and frequently form stable inclusion complexes with both small and large
molecules alike. Also, CD’s are versatile chiral selectors since they are easily derivatized
to yield changes in their selectivity for different separation applications.

Cyclodextrins are toroidal shaped molecules capable of host-guest interactions. A
cavity formed by a(1-4) cyclization of amylose allows for inclusion of guest molecules.
CD’s are naturally occurring species produced by the enzymatic degradation of starch by
cyclodextrin glucosyl transferases (CGTases) industrially harvested from bacillus
macerans and used to produce ¢~, B- and y-CD"s with 6, 7 and 8 D-glucopyranoside
units [23], respectively. Figure 2 shows the crystal structure of native y-CD. The chiral
environment within and about the cyclodextrin cavity provides the molecular recognition
mechanism required for stereodifferentiation of enantiomers and makes their separation
possible.

Neutral cyclodextrins used for CE enantiomer separations include the native
species as well as those modified with neutral functionalities, most commonly methyl,

acetyl and hydroxypropyl. Per- substitution of native cyclodextrin can yield an isomer



Figure 2. Spacefill rendering of the crystal structure of native y-cyclodextrin shown in
(A) annular view (B) side-on view. Oxygen atoms are dark and carbons atoms are light.

Hydrogen atoms are omitted for clarity.



species with modification of all available substitution sites. Their use is reliable and
reproducible since there is only a single cyclodextrin species present in the BGE [24-25].
However, neutral cyclodextrins are often poorly soluble in common solvents used for
BGE's. For example, the solubility of native a-, B- and y-CD’s in aqueous BGE’s is
0.12,0.016, and 0.17 M, respectively[26].

It is interesting to note that while B-CD is the preferred native CD for use in CE
enantiomer separations because of its greater availability, it is by far the least soluble
native CD. The relative poor solubility of -CD as compared to other native CD’s is in
part due to the extensive hydrogen bonding network of its secondary hydroxyl rim
resulting in more disfavorable enthalpy and entropy of dissolution [27]. Substitution of
the secondary rim of native CD’s has been shown to actually increase the solubility in
aqueous BGE’s presumably because substitution breaks the hydrogen bonding network.
The most notable is a thirty-fold greater solubility of (2,6-di-O-methyl) B-CD than its
native counterpart [28].

A wide variety of derivatized CD’s are now available and have been used
successfully for enantiomer resolution by CE. Often, the observed selectivity can be
modified according to experimental need simply by changing the CD in the BGE [29-
31]. However, neutral CD’s are limited in application to the separation of charged
enantiomers as they are not able to impart charge to neutral ones. This limitation has led
to interest in charged cyclodextrins for the CE separation of neutral compounds.

Charged cyclodextrins offer the ability to separate neutral species [32-33].

Complexation of neutral enantiomers with charged CD’s results in charged complexes



that have the potential to be separated based on the difference in their charge to size
ratio. Currently, both weak electrolyte [34-35] and strong electrolyte [36-38] charged
CD’s are used. Both types have their advantages and disadvantages in use [39]. Strong
electrolyte CD’s are charged over the entire pH range while weak electrolyte CD's are
charged at only high or low pH’s.

Strong electrolyte cyclodextrins are functionalized with either sulfate groups,
sulfoalkyl ether or quaternary amines. These CD’s offer a unique ability to stabilize host-
guest interactions through electrostatic attractions for oppositely charged enantiomers
over a wide pH range. The result is that often enantiomers are more strongly bound and
thus only require low CD concentrations to achieve desirable selectivity. It should be
noted that higher binding constants do not imply higher selectivity.

Quaternary amine CD’s have been used successfully for CE enantiomer
separations but as observed by Warner et al. [40] they often cause an undesirable reversal
in the direction of the electroosmotic flow. It was proposed in that study that the fixed
negative charges at the capillary wall bound the positively charged CD resulting in the
capillary wall taking on an overall positive charge. It was also noted in that study that the
separation efficiency was unexpectedly low possibly due to chromatographic retention of
the analytes by adsorbed quaternary CD.

Weak electrolyte CD's include carboxyalkyl-CD's, aminated CD’s and many
others. The fact that weak electrolyte CD’s are variable in their charge state makes
practical method development difficult. However, the ability to change their charge state

with changing pH does offer distinct advantages in the separation of mixed chiral



samples as noted by Schmitt and Engelhardt {41]. In this study, the separation of 7
enantio-mer pairs, some basic and some neutral, was achieved using carboxyethyl-p-CD
(CBCD) at two pH’s. At pH 2.7, CBCD is uncharged and shown to be selective for four
of four basic components making up the mixed sample while the neutral components
were unresolved. At pH 5.5. CBCD is charged and shown to bind and resolve the three
neutral components of the mixed sample while only two of the four basic components
were resolved.

The experimental results mentioned thus far all use randomly modified CD’s to
achieve enantiomer separation. These materials are often poorly characterized and
described by their average degree of substitution (d.s.). Randomly modified CD’s are
complex mixtures of positional isomers with different degrees of substitution. Batch to
batch variation of production lots is common resulting in commercially available
materials having the same d.s. being composed of different proportions of a large
number of positional isomers. Two studies, one by Szemdn et al. [42] using CMBCD
and another by Francotte et al. using sulfobutylether-y-CD [43], found that the degree of
substitution of the CD dramatically affects chiral resolution in CE. Chankvetadze et al.
used "*C NMR to show that different d.s. CD’s bind mianserine and its analogues with
different enantiospecificity and that indeed the order of migration is dependent on the
chiral resolving agent used in the BGE. Each of these authors concluded that working
with well characterized CD’s is crucial to reliable methods development.

A migration model for enantiomer separations using neutral CD"s was first

proposed by Rawjee et al. in a series of three papers [44-46] and later extended by



Williams and Vigh to include use of charged resolving agents (CHARM model) [47). In
this model, it was proposed that all enantiomer separations fall into one of three
categories; ionoselective separations where only the dissociated forms of the enantiomers
complex selectively, desionoselective separations where only the nondissociated forms
of the enantiomers complex selectively and duoselective separations where both the
dissociated and the nondissociated forms of the enantiomers complex selectively. The
model yielded a greater level of understanding of the separations and led to the
development of a rational and effective means to separation method development.
Results showed that for selectivity optimization of any enantiomer pair with a given
chiral resolving agent, one need to know into what category the separations fall. This is
accomplished simply by measuring the separation selectivities at both a low and a high
pH where the enantiomers are predominately in the protonated and the deprotonated
state, respectively. Once the proper pH is known, the chiral resolving agent’s
concentration is adjusted to maximize separation selectivity followed by adjustment of
the EOF mobility to bring about resolution. This methodology was applied to the
analysts of the mmor enantiomer in L-carbidopa with good results [48]. Maynard and
Vigh showed that ionic strength corrections made to the charged resolving agent model

(CHARM) explained an unexpected increase in the cationic effective mobility of weakly

basic enantiomers in the presence of i ing HMdiSU cc ation. Their
observations showed that failure to consider the effects of ionic strength potentially leads

to poorly developed, less than rugged separations methods [49].



1.3 Single-Isomer Sulfated Cyclodextrins (SiSCD’s)

As mentioned before, sulfated cyclodextrins are permanently charged over the
entire pH range used in CE and their use in CE does not seem to contribute greatly to
chromatographic band broadening effects as do permanently charged quaternary amine
CD’s. Consequently. SiSCD’s are gaining increasing popularity as reliable, effective
means to robust enantiomer separations., Several SISCDs have been used to screen large
sets of structurally similar chiral acids, bases, neutrals and ampholytic species under
variable CD concentrations and pH conditions in aqueous [50-51] and methanolic [52-
55] background electrolytes as well as hydroorganic media [56]. Heptakis(2.3-di-O-
acetyl-6-O-sulfo)cyclomaltoheptaose (HDAS) [57] and the corresponding dimethyl
(HDMS) [58] and dihydroxy (HDHS)[59] homologs were the first SISCDs to be used for
chiral CE separations. Further research led to the development of two sulfated y-
cyclodextrin species, octakis(2,3-di-O-acetyl-6-O-sulfo)cyclomaltooctaose (ODAS) [60]
and the dihydroxy homolog (ODHS) {61], as well as a unique 14 charged CD,
heptakis(2-O-methyl-3,6-di-O-sulfo)cyclomaltoheptaose(tHMdiSU) [49).

This thesis will present and discuss the synthesis and characterization of a novel
SiSCD, the sodium salt of octakis(2.3-di-O-methyl-6-O-sulfo)cyclomaltooctaose
(ODMS) for use in both aqueous and nonaqueous CE. It is proposed that this new SiSCD
will offer unique selectivity for demanding CE cnantiomer separations and contribute to

the growing library of available charged chiral resolving agents.



CHAPTERI1
SYNTHESIS AND CHARACTERIZATION OF SINGLE-ISOMER ODMS
2.1 Synthesis of SiSCD’s

There are several approaches to the synthesis of a single-isomer cyclodextrin.
‘Among the simplest approaches are monomodification, permodification and a
combination of these in a two-step process. These methods have been used to produce
various single-isomer neutral as well as charged CD’s {62-63]. The reactivity of the 2,3
and 6 hydroxyl groups is such that the 6 position is most reactive in the presence of weak
bases like pyridine or dimethylaminopyridine while the 2 position is the one most readily
deprotonated in the presence of strong bases such as sodium hydride. The 3 hydroxyl
group is least reactive in the presence of both weak and strong bases [64). The order of
reactivity implies that it 15 also possible to selectively modify the hydroxyl groups in the
2 and 6 position with one functionality followed by selective modification of the
hydroxyl group at the 3 position. This strategy has been employed to produce single-
isomer, unsymmetrically substituted neutral CD’s [65-67].

Another possibility is to selectively protect the hydroxyl group at the 6 position
with a suitable protecting group followed by permodification of all secondary hydroxyl
groups. This tactic has been used to produce highly charged CD’s which are most
desirable for CE separations as predicted by the resolution equation. However, the use of
protection group chemistry requires two additional steps in any synthetic method. The
potential for undesirable substitution patterns increases with each additional step due to a

compounding effect with each successive chemical modification. Figure 3 illustrates the
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Figure 3. Illustration of the potential substitution patterns observable in the

functionalization of the primary hydroxyl groups of native y-cyclodextrin. Solid circles

represent functionalization of any of eight available primary hydroxyl groups.



number of substitution patterns possible in the chemical modification of the primary
hydroxyl groups of native y-CD. Production of a single-isomer requires the purity of the
first intermediate to be as high as possible, as further steps will undoubtedly produce
multiple substitution patterns of each small impurity formed during the initial protection
step.

Synthesis of SiSCD’s requires that the hydroxyl groups intended for sulfation be
selectively protected while the remaining hydroxyl groups are functionalized as desired.
Efficient protection of the primary hydroxyl groups of native CD’s with tert-
butyldimethylchlorosilane (TBDMS) has been reported. Next. the secondary hydroxyl
groups are modified, followed by a deprotection step and then sulfation. This suggests
that there are a minimum of four synthetic reaction steps required to produce an SiSCD
that is sulfated at the primary hydroxyl groups and modified by some other
functionalization at the secondary hydroxyl groups. At each step. there is the potential
for the formation of undesirable positional isomers. For this reason, reaction conditions
must be carefully controlled as to the relative amounts of the various reagents, and
reaction progress must be carefully monitored in an effort to produce only a single

isomer.



2.2 Materials and Methods

Native y—CD was purchased from Wacker Biochem. Corp. (Adrian, MI). Tert-
butyldimethylchlorosilane (97%) was purchased from FMC Lithium Div. (Bessemer
City, NC). Imidazole (Im) was obtained from Chem Impex (Wood Dale, IL).
Dimethylaminopyridine (DMAP), sodium hydride (60% dispersion in mineral oil),
iodomethane and pyridine sulfur trioxide complex and all BGE components were
purchased from Aldrich Chemical Co. (Milwaukee, WI). Hydroflouric acid, and all
reaction solvents were obtained from Mallinckrodt Chemical Co. (St. Louis, MO).
Activated, 200-mesh, 4A- molecular sieves were used to dry the solvents. Silica-60
aluminum backed TLC plates from E.M. Science (Gibbstown, NJ} were used for
monitoring reaction progress. A reagent solution composed of 35g c-napthol and 140
mL conc. sulfuric acid in 500mL of an ethanol:water mixture (5.25:1) was used to
visualize the cyclodextrin spots. Visualization was accomplished by dipping the TLC
plate in the reagent solution and heating it in a 110°C oven for 10 minutes.

An HPLC system consisting of a Beckman 126 solvent module equipped with 6.0
ml/min biopreparative pump heads, a Rheodyne 7125 injection valve (Rheodyne, Cotati,
CA), a Eurosep DDL-31 evaporative light scattering detector (Eurosep Instuments, St.
Christophe, France) set to 53°C and 400 gain and a Beckman 406 A/D converter
operated under Gold 8.1 chromatography software (Beckman-Coulter, Fullerton, CA) on
an IBM PS/2 PC was used to establish the purity of all intermediates. Separations were
carried out with various ethyl acetate/methanol mixtures on 4.6mm i.d. x 250mm

analytical columns packed with either Sum Luna silica or 5um Luna C18 stationary



phases. Response factors for all eluting peaks were assumed to be equal.

Analysis of the isomeric distribution of the final product was done using either a
Beckman P/ACE 2100 or P/ACE 5000 system equipped with a UV detector operated at
214 nm on a 26¢m long, 25pum i.d. bare fused silica capillary (injector to detector length
19 cm) (Polymicro Technologies, Phoenix, AZ), at 20kV separation potential and (-) to
(+) polarity. The BGE used was 30mM tetramethylethylenediamine titrated to pH 8.1
with para-toluenesulfonic acid. The reaction was sampled while in progress, diluted with
the BGE and the solution was injected for 1 sec at 1 p.s.i. before application of the
separation potential. All analyses were completed at 20°C.

1-D NMR experiments were done on a Varian 300MHz UnityPlus Spectrometer
(Varian Assoc., Walnut Creek, CA) equipped with a 'H/’F/'P/*C quad probe using
Solaris 2.4 software running on a SUN workstation. 2-D experiments including double
quantum filtered 'H-'H correlation spectroscopy (DQ-COSY) and 'H-"C heteronuclear
correlation spectroscopy (HETCOR) were obtained on either the same 300MHz
UnityPlus Spectrometer or on a Varian 500 MHz UnityPlus spectrometer equipped with
'"H/"*C dual tunable probe and VnmrX 5.3b software running on a SUN workstation.

High-resolution MALDI-TOF mass spectra were obtained with a Voyager Elite
XL mass spectrometer equipped with delayed extraction capability (Perceptive
Biosystems, Framingham, MA) with the following instrument settings: nitrogen laser (A
= 337 nm), reflectron mode, 25 kV acceleration voltage, 70% grid voltage. 0.030% guide
wire voltage and 180 ps delay time. The mass spectra from 60 to 80 laser pulses were

averaged to achieve adequate signal-to-noise ratio. All samples were prepared by



dissolving 10 mg of 2,4,6-trihydroxyacetophenone (THAP) in | mL HPLC grade
acetonitrile and 10 mg of the cyclodextrin derivative to be analyzed in 1 mL of either
CH,Cl, or water, along with 10 mg of an internal standard, heptakis(2-O-methyl) cyclo-
maltoheptaose. Equal volumes of these solutions were combined and 10 L applied to a
PTFE target stage and allowed to dry [68].

Crystal structures were obtained on a Bruker SMART 1000 X-ray diffractometer
(Bruker AXS, Madison, WI) from single crystals grown in suitable solvents. Diffraction
patterns were solved and refined using the SHELLXTL program suite running on a
Pentium III 300 MHz processor PC. Crystal structure and Connelly surface figures were
generated using the Insight I molecular modeling software package running on an SGI
O, workstation.

2.3 Synthesis and Characterization of ODMS and Its Intermediates

The four step methodology to produce the single-isomer sulfated cyclodextrin,
the sodium salt of octakis(2,3-di-O-methyl-6-O-sulfo)cyclomaltooctaose on large scale is
shown in Figure 4. The use of protection group chemistry allowed for regioselective
sulfation and permethylation of the primary and secondary hydroxyl groups, respectively.

The details of the synthetic procedure are included in appendix B.
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2.3.1 Octakis(6-O-t-butyldimethylsilyl)cyclomaltooct

Protection of the primary hydroxy! group at the 6 position of (1) in DMF at room
temperature was achieved with TBDMS in ethyl acetate (EtOAc) according to a
modified procedure of Takeo [69]. The reaction was monitored by TLC with a 50:15:1
CHCI,;:MeOH:H,0 mobile phase giving an R, = 0.57 for the target compound. Accurate
analysis of the purity of the product was achieved using a 5 ym Luna C18 RP-HPLC
column with a 35:65 MeOH:EtOAc isocratic mobile phase at 2 mL/min. A total of 4 kg
of native y-cyclodextrin was silylated in this manner and recrystallized from both
methanol and acetone to yield a 99.2% isomerically pure white powder. The total
crystalline yield was 4.572 kg corresponding to a 67% yield of the theoretical value, A'H
NMR spectra of (2), included as Figure 5, is in good agreement with published values.
The high resolution MALDI-TOF mass spectrum of the sodium adduct of (2) is shown in
Figure 6. The measured mass to charge (m/z) value of 2231.72 agrees well with the value
calculated for the monoisotopic [Cy,H,5,0,,SigNa]*, 2232.10. Single crystals were grown
from acetone and used for X-ray diffraction analysis. The crystal structure of (2) is
included as Figure 7.

2.3.2 Octakis(2,3-di-O-methyl-6-O-t-butyldi Isilyl)eyclomaltooct:

The secondary hydroxyl groups of (2) were methylated in THF at room
temperature using iodomethane and NaH (60% dispersion in oil) for 4 h to obtain (3)
with 97% conversion at the 250 g scale. Reaction progress was monitored using a 5 pm
Luna C18 RP-HPLC column with a 50:50 MeOH:EtOAc isocratic mobile phase at 2

mL/min. No suitable, large scale recrystallization solvent was found. Assigned 'H and
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Figure 5. 'H-NMR spectrum of (2) in CDCl,.
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Figure 7. Crystal structure of (2).
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'3C NMR spectra of (3) are included as Figure 8. The high resolution MALDI-TOF mass
spectrum of the sodium adduct of (3) is shown in Figure 9. The measured m/z value of
2455.73 agrees well with value calculated for the monoisotopic [C,,H,,,0,,Si;Na]’,
2456.35. Single crystals were grown from DMF and used for X-ray diffraction analysis.
The crystal structure of (3) is included as Figure 10 along with Connelly solvent surface.
2.3.3 Octakis(2,3-di-O-methyl)cyclomaltooctaose

Deprotection of (3) was accomplished using 48% HF,; in anhydrous ethanol for
12 h at room temperature to obtain (4) with 96 % conversion at the 400 g scale. The
reaction was monitored by TLC with a 50:15:1 CHCl;:MeOH:H,O mobile phase giving
an Ry = 0.52 for the target compound. Accurate analysis of the purity of the product was
done using a 5 pm Luna Silica NP-HPLC column with a 80:20 EtOAc:MeOH isocratic
mobile phase at 2 mL/min. The crude material was recrystallized 6 times from acetone to
yield a 99.2% isomerically pure white powder. Several reactions were done on the 400 g
scale for an average yield of 72% of the theoretical. Assigned 'H and "C NMR spectra
of (4) are included as Figure 11. The high resolution MALDI-TOF mass spectrum of the
sodium adduct of (4) is shown in Figure 12. The measured m/z value of 1543.91 agrees
well with the value calculated for the monoisotopic [C¢,H, ,0,Na]’, 1544.66. Single
crystals were grown from acetone and used for X-ray diffraction analysis. The crystal

structure of (4) is included as Figure 13.
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Figure 10. Crystal structure of (3).
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2.3.4 Octakis(2,3-di-O-methyl-6-O-sulfo)cyclomaltooctaose

Sulfation at the 6 position of (4) was done in DMF at room temperature for 0.5 h
using pyridine sulfur trioxide complex to obtain (5) with 93% conversion at the 250 g
scale. The reaction was monitored by indirect UV detection CE analysis in 30 mM
tetramethylethylenediamine BGE titrated to pH 8.1 with para-toluene sulfonic acid with
(+) to (-) polarity. Purification of the crude material was accomplished by 6
precipitations from a 6:1 ethanol:water mixture by dissolving the crude material in a
minimum volume of water followed by addition of six times the water volume of 200
proof ethanol, The final isomeric purity of the white powder obtained was found to be
>98% by indirect UV detection CE as indicated in Figure 14. Assigned 'H and '*C NMR
spectra of (5) included as Figure 15 show that the product is free of reaction solvent. The
high resolution MALDI-TOF mass spectrum of the sodium adduct of (5) is shown in
Figure 16. The measured m/z value of 2359.16 agrees well with the value calculated for
the monoisotopic, [Cg,H 0,04,8Nay]*, 2359.17. Single crystals were grown from ethanol
water and used for X-ray diffraction analysis. The crystal structure of (5) is included as
Figure 17 along with the Connelly solvent surface. Analysis for Cg,H,,,04,S;Na; 16H,0

caled: C,29.27; H, 5.22; 0, 48.74; S, 9.77. Found: C, 29.37; H, 5.26; O, 48.68: S. 9.66.
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Figure 15. Assigned 'H and *C-NMR of (5) in D,0.
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Figure 17. Crystal structure (A) and Connelly solvent surface (B) of (5).

36



2.4 Discussion of Synthetic Results

The reaction sequence used to produce single isomer ODMS began with the
selective protection of the primary hydroxyl groups of native y-cyclodextrin. TBDMS
was chosen as the protecting group because it is a sufficiently stable, silicon based
protecting group. The remaining synthetic steps were chosen for the production of
single- isomer ODMS for their ease of scalability and simple, fast, efficient work-up
conditions. Recrystallization of intermediates proved to be adequate for purification and
the more costly, both in time and materials, chromatographic techniques could be
avoided. Choice of recrystallization solvents was limited to low cost, low toxicity
solvents. These requirements climinated DMF as a possible recrystallization solvent

even though this was the only solvent suited to the recrystallization of (3). The side

products observed in the synthesis of (3) could be removed in subsequent synthetic steps.

Recrystallization of (2) was done from both acetone and methanol. Acetone
recrystallizations afforded (2) while the over-silylated side product was retained in the
mother liquor. Methanol recrystallizations afforded (2) while the under-silylated side
product was retained in the mother liquor. Nonaqueous RP-HPLC was used to monitor
the purity of (2) throughout recrystallization. Figure 18 is a comparison of
chromatographic traces obtained for the reaction product prior to recrystallization and
after recrystallization. A sample made by mixing both the acetone and methanol mother
liquors afforded a sample that was enriched in all observed impurities. This sample was
used to construct a Horvath plot shown in Figure 19. Here, the logarithm of the retention

factor (k) of each component of the mixed sample is plotted as function of eluent
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composition (%EtOAc). Retention factor (k) of each component of the mixed sample is
plotted as function of cluent composition (%EtOAc). The log k’ vs. %EtOAc plots are
linear for each component indicating reversed phase chromatographic behavior.

One dimensional 'H NMR was used to show that any impurity with mono-
substitution at the secondary hydroxyl groups was not present in the final recrystallized
material. Figure 20 shows the 'H NMR in the -0.2 to 1.2 ppm range of a sample
containing both the desired eight fold substituted product and the nine fold substituted
side product in equal proportions. The peaks at & 0.09 and § 0.91 in the 'H NMR
spectrum correspond to C(CH,), and Si(CH,),, respectively, of the impurity with a single
substitution of the secondary hydroxyl groups. Integration values are 8:1 for target:
impurity peaks. The same peak pattern was observed in the "H- NMR of a protected p-
CD, also included in Figure 20, where all of the primary hydroxyl groups were protected
and one-half of the secondary hydroxyl groups were protected at the 2 position. This
evidence shows conclusively that co-clution of undesirable side products is of little
concern and that HPLC analysis of the recrystallized product provided an accurate
measure of purity.

Methylation of (2) yielded predominantly one isomer at 98% conversion after
optimization of the reaction conditions. The MALDI-TOF mass spectrum (see figure 9)
indicated the presence of a species with a measured m/z value of 2355.62. This agrees
well with the value calculated for the monoisotopic [C,4;H,,.0,S1;Na]", 2356.28 for the

monodesilylated and subsequently over-methylated product. It was found that the relative
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Figure 21. ELSD traces for the optimization of the methylation of (2). Conditions are:
a)1.2 mol excess CH;l, 1.8 mol excess NaH, b) 1.5 mol excess CH,l, 1.8 mol excess
NaH, ¢) 1.5 mol excess CHyl, 1.5 mol excess NaH and d) 1.5 mol excess CH,, 1.2 mol

excess NaH.
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amount of the side-product formed in the reaction was reduced from 8% to 2% by
adjusting the amount of sodium hydride from 1.8 molar excess to 1.2 molar excess as
shown in Figure 21, and limiting the reaction time to only 5 h.

Impurities due to incomplete deprotection of (3) as well as those impurities
formed during the previous synthetic step were removed in 6 recrystallizations from
acetone. The MALDI-TOF mass spectrum of (4) (sec figure 13) indicates the presence of
at least a small amount of under-methylated product, as well as another impurity whose
measured m/z value of 1565.95 corresponds to [C,H,;,0,,Na,]"; a monodeprotonated/
monosodiated sodium adduct with an overall positive one charge. This species could be
an artifact of the MALDI process however, it could also be produced in the basic work-
up of the reaction mixture. Conclusive identification of this peak is not possible as there
is no discernible peak for the corresponding monodeprotonated/ monosodiated potassium
adduct.

Attempts to monitor the sulfation of (4) were difficult as this proved to be a very
fast reaction. Partially reacted samples made by the addition of substoichiometric
amounts of the sulfating reagent to (4) in DMF were used for development of a suitable
CE separation method. The electropherograms in Figure 22 show that the chosen method
of analysis is well suited to monitoring the sulfation reaction. In each case, a stable, low
noise baseline is obtained. Peaks for the more highly substituted species are sharp and
well resolved. The more slowly migrating components are partially resolved positional
isomers that are equal in charge but differ in the size of their respective hydration

spheres. It is a valuable observation that, at least in the BGE used for this analysis,
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the stoichiometric amount of pyridine sulfur trioxide complex to (4) in DMF.



Mixture of randomly substituted CD’s used for enantiomer separations are composed of
species that potentially differ not only in their molecular structure, and therefore their
enantiorecognition properties, but also in their electrophoretic behavior.

'H and "C NMR assignments of all reaction intermediates were made from DQ-
COSY and HETCOR two-dimensional NMR experiments. A DQ-COSY pulse sequence
was required to establish "H-'H connectivities as opposed to a simple COSY pulse
sequence due to occasional overlap of coupled signals with non-coupled signals. Figure
23 is an example of the DQ-COSY spectra obtained for (5) where 'H-'H connectivities
are indicated by alignment of diagonal peaks with off-diagonal crosspeaks. The DQ-
COSY pulse sequence effectivelysuppressed the non-coupled methyl ether signals
observed along the diagonal in the one-dimensional experiments. An example of an
HETCOR experiment is included as Figure 24 where 'H-"*C connectivities are indicated
by vertical and horizontal alignment of crosspeaks with peaks observed in the one
dimensional spectra shown at each axis.

MALDI-TOF mass spectral analysis of (5) showed that while the MALDI process
is a “soft” ionization technique capable of producing more non-fragmented molecular
ions with only a single charge than electron impact techniques, fragmentation was still
observed for single 1Isomer ODMS (see figure 16). A total of seven peaks were observed
with a constant peak difference of 101.90 corresponding to successive loss of SO;Na and
gain of a single proton This result shows that MALDI-TOF mass spectrometry is limited
to measurement of the mass of the of the most highly sulfated species present and cannot

be used to evaluate the degree of substitution of the product. No over-sulfated species
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DQ-COSY spectrum of (5) in D,O.
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Figure 24: HETCOR spectrum of (5) in D,0.
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were observed in this measurement.

The final step to producing well characterized, single-isomer ODMS is the
removal of a contaminant, Na,SO,. through its selective precipitation and subsequent
filtration from a concentrated solution in methanol. The filtrate is evaporated to dryness
to yield a material containing less than 0.1% Na,SO,. This is a vital step in the
purification of ODMS as any ionizable contaminant will contribute to the ionic strength
of solutions of ODMS used for CE enantiomer separations.

2.5 Summary

The large-scale preparation of the sodium salt of octakis(2,3-di-O-methyl-6-O-
sulfo)eyclomaltooctaose for use as a single-isomer chiral resolving agent in capillary
electrophoretic separation of enantiomers has been accomplished through a four step
synthetic methodology. The steps used consist of well known chemical transformations
beginning with a critical protection step which allowed for reliable and predictable
modification of the large number of available substitution sites. The final product, along
with each intermediate has been extensively characterized by analytical methods
including HPLC-ELSD, indirect UV detection CE, MALDI-TOF MS, 1D and 2D NMR
and X-ray diffraction crystallography to show that, indeed, a single-isomer SiSCD was

produced.



CHAPTER III

ENANTIOMER SEPARATIONS

3.1 Use of ODMS as a Chiral Resolving Agent

ODMS was used as a chiral resolving agent for the CE separation of the
enantiomers of 78 racemic and nonracemic weakly acidic, weakly basic and nonionic
compounds, most of which are pharmaceutically active. Separation selectivity was
determined in various BGE’s as a function of the concentration of the chiral resolving
agent. The effective mobilities (1°™) and normalized electroosmotic mobilities {B) were
calculated per equations 3 and 5 (see Chapter 1), respectively. Effective mobilities and
separation selectivities were plotted as a function of the ODMS conceniration to evaluate
both the best pH and concentration for the highest available separation selectivity (a.),
also defined in Chapter 1. Peak resolution was calculated from peak half-height widths
(W") as Rs=[2(t,-t,)}/[1.699(w",+w" }]. Whenever possible, qualitative comparisons were
made between the separations achieved in aqueous and non-aqueous BGE’s.
3.2 Materials and Methods

All chiral analytes listed in Figures 25-27 were obtained from either Sigma (St.
Louis, MO). Aldrich Chemical Co. (Milwaukee, WI), Wiley Organics (Coshocton, OH)
or Research Diagnostics (Rockdale, MD). Dimethylsulfoxide (DMSO) and HPLC grade

methanol were purchased from EM Science (Gibbstown, NJ). Aqueous solutions were

Part of the material in this chapter is reprinted with permission from:
M. Brent Busby, Omar Maldonado, and Gyula Vigh, Electrophoresis, 23 (2002)
456-461: Copyright 2002-Wiley-VCH.
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prepared from deionized water obtained from an in-house Milli-Q unit (Millipore,
Milford, MA). All solutions were filtered prior to use with a 0.45 pm Gelman nylon
membrane filter (VWR, South Plainfield. NJ). Nitromethane (NM). phosphoric acid,
lithium hydroxide, ethanolamine and methanesulfonic acid were purchased from Aldrich
Chemical Co. ODMS was prepared as described in Chapter II.

Capillary electrophoretic measurements were made using either a PACE 2100 or
P/ACE 5000 CE instrument with its UV detector set to 214 nm. A 46 cm total length (39
cm to detector), 25 pm i.d., naked fused-silica capillary was used for the aqueous
measurements, a 26 cm total length (19 ¢m to detector), 25 pm i.d., naked fused-silica
capillary for the nonaqueous measurements. Aqueous BGE’s included one buffered at
low pH with 20 mM H,PO, (pKa, 2.1), titrated to pH 2.5 with LiOH, and another
buffered at high pH with 20 mM ethanolamine (pKa 9.5), titrated to pH 9.5 with
methanesulfonic acid. An acidic methanolic buffer was prepared from 20 mM H,PO,
and 10 mM NaOH for use in nonaqueous measurements. The stock buffers were used to
prepare the 0-40 mM ODMS BGE's for CE enantiomer separations. The enantiomers
were dissolved in the BGE and co-injected for 1 s by 1 psi nitrogen with the EOF marker
from a solution approximately 0.5 mM in both the analyte and the marker. All
measurements were repeated in triplicate. Ohm’s plots were measured from 0-50 mM
ODMS at 5 mM ODMS increments in each BGE. Effective mobility measurements were
carried out within the linear region of Ohm’s law. The effective mobilities of the
enantiomers were measured against the neutral markers, nitromethane (NM) at low pH

and DMSO at high pH. neither of which possess an intrinsic charge and thus, have zero
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effective mobility at the pH of their respective BGE’s. Also, neither of these neutral
markers indicated complexation-induced mobility in their respective BGE’s according to
the modified external mobility marker method colloquially referred to as the sandwich
method [70), detailed in figure 28 and in the following text. Figure 29 is an example of a
measurement obtained at the highest ODMS concentration used in the low pH BGE for
NM. The analyte whose complexation- induced mobility is to be measured is dissolved
in both ODMS-containing BGE and in ODMS-free BGE. The capillary used for this
measurement is equal in length on both sides of the detector window so that the analyte
bands placed before the detector can be pushed via nitrogen pressure past the detector
and still remain within the capillary. The capillary is filled in its entirety with the
ODMS-free BGE (step a) followed by a 1-2 min injection of the ODMS-containing BGE
(step b). Next, the analyte dissolved in the ODMS containing BGE is injected (step c)
followed by another 1-2 min injection of the ODMS-containing BGE (step d). Next,
ODMS-free BGE is injected for 1-2 min. followed by the injection of two plugs of the
analyte dissolved in the ODMS-free BGE, separated from one another by a 1-2 min
injection of the ODMS-free BGE (steps ¢ through h). Thus, a region of the capillary is
filled by the ODMS-containing BGE sandwiched between two regions of the ODMS-
free BGE. All injection periods are adjusted so that none of the ODMS-containing BGE
is pushed past the detector window while the remaining injection sequences are
performed. At this point, content of the entire capillary is pressure mobilized past the
detector to obtain a UV trace indicating the initial distance between the analyte plugs in

the two BGE’s. After all analyte plugs move past the detector, the content of the
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Figure 28. Injection sequence for sandwich method. FBE: ODMS-containing BGE, CBE:

ODMS-free BGE, analyte injections are solid bands.
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capillary is returned to the injection side of the capillary by pressure mobilization in the
reverse direction, followed by another injection of the analyte in the ODMS-free BGE
(step i). Then, the content of the capillary is pressure mobilized toward the detector with
ODMS-free BGE to make certain that all analyte plugs are within the thermostated
region of the capillary (step j). Next, a potential is applied to the capillary for a period
not long enough to allow any portion of the ODMS-containing BGE section to migrate
past the detector window (step k). After the electrophoretic period is complete, the
content of the capillary is again pressure mobilized past the detector window (step 1) to
obtain a UV trace indicating the post-electrophoresis distance between the analyte plugs.
Finally, the pre- and post-electrophoresis UV traces are overlaid using the two peaks
within the ODMS-free BGE as reference and the distance between the analyte plugs in
the charged BGE are compared. If the two analyte peaks in the ODMS-containing BGE
region do not line up, ODMS complexed with the analyte and caused its migration. If the
same two peaks do line up, it is concluded that ODMS did not complex with the analyte
measurably.

Figure 29 indicates that nitromethane is suitable for use as an EOF marker for
effective mobility measurements in the low pH BGE’s when the ODMS concentration is
lower than 40 mM. Similar conclusion was obtained for DMSO in the high pH ODMS-
containing BGE.

3.3 Aqueous Separations
Effective mobilities for moderate molecular weight (200 < MW < 500), singly-

charged compounds usually lie in the £ 25 x 10” em’V-'s”! range. Consequently, use of
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low pH BGE’s, where p*° values are around +10 x 10° em?V''s™ to +25 » 10 cm?V"'s™!
in naked fused silica capillaries, is conducive to good resolution because more favorable
f values are obtained than in high pH BGE’s where typical u® values are higher than
+50 x 10 em’V"'s™. Previous work has shown that, in the molecular weight range
specified, complexation with SiSCD"s commonly leads to mobilities as high as -25
mobility units (x 10 em*V"'s") and occasionally as high as -50 mobility units. This
means that it is possible to adjust the concentration of SiSCD's to bring about an
effective mobility for weakly basic enantiomers that is nearly equal in magnitude but
opposite in direction to the electroosmotic flow mobility and thus, take advantage of
even the lowest separation selectivity to achieve a desirable resolution. For these reasons.
evaluation of the potential of a new SiSCD to be used as a chiral resolving agent almost
always begins with the separation of weakly basic enantiomers in low pH BGE’s.
3.3.1 Weakly Basic Enantiomer Separations in Aqueous BGE’s

A set of 46 pharmaceutically active, weakly basic enantiomers were used to
evaluate the utility of ODMS as a chiral resolving agent in low pH aqueous BGE’s. A
total of 36 enantiomers showed some measure of separation selectivity in either low or
high pH aqueous BGE"s. Only one of the 36 was separated at high pH and not at low pH.
At low pH, the applied potential was limited to 27 kV in the 5SmM ODMS-containing
BGE and decreased with increasing ODMS concentration to 9kV in the 40 mM ODMS-
containing BGE. Likewise, at high pH, the applied potential was limited to 12 kV in the
5 mM ODMS-containing BGE and decreased to 8 kV in the 40 mM ODMS-containing

BGE. These potential differences reflect the conductivity differences of the BGE's.



Under these conditions, u*° values were about 12 to18 mobility units in the low pH

BGE's over the entire ODMS c« ion range, and d d from about 40 mobility

units in the SmM ODMS-containing, high pHl BGE to about 18 mobility units in the 40
mM ODMS-containing, high pH BGE.

The speed with which the separations were completed (generally under 25 min)
was in part due to the aid of the EOF but, the greatest factor was the weak binding
between ODMS and the enantiomers, because, at low pH, most of the bases maintained
their cationic mobility. Separations in the high pH BGE’s were also fast, but for opposite
reasons. The EOF mobility is considerably higher at high pH due to the increased charge
density of the capillary wall while the enantiomers are much less cationic in nature
because of their lower degree of protonation. As the ODMS concentration is increased in
the high pH BGE’s, the enantiomers typically acquire an anionic effective mobility at
considerably lower ODMS concentrations than in the low pH BGE and migrate against
the EOF mobility. The result is that. in most cases. the enantiomers migrate with an
observed mobility between 15 and 30 mobility units. This leads to separation times
between 5 and 25 min, depending on the applied potential.

At low pH, observed mobilities indicate that the weakly basic enantiomers can be
classified into two categories: weakly binding and strongly binding. For the purposes of
this discussion, a weakly binding base is one whose low pH mobility remains cationic at
all tested ODMS concentrations. The mobility and separation selectivity curves of three
weakly binding basic enantiomers are shown in Figure 30. In each case, the mobility of

the enantiomers is initially cationic with effective mobilities between 15 and 20 mobility
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units. As the ODMS concentration is increased. the mobilities approach zero due to the
ionic strength related depression of the mobilities without the effective mobilities
becoming anionic. The separation selectivity curves gradually increase without appearing
to approach any limiting value (e.g., napthylethylamine) or approaching a limiting value
of a <1 (e.g., chlophedianol and salbutamol). Representative electropherograms obtained
for the low pH separation of some of the weakly complexing weak bases are included in
Figure 31.

A strongly binding base is one whose low pH mobility is cationic at low ODMS
concentrations and anionic at high ODMS concentrations. Figure 32 shows the mobility
and separation selectivity curves for three typically, strongly binding weak bases.
Noteworthy is the mobility curve obtained for piperoxan. One enantiomer of piperoxan
migrates cationically and the other anionically for the entire ODMS concentration range
used in this study. The high peak resolution observed for the separation of piperoxan into
its respective enantiomers is very much similar to that found in similar studies using the
B-CD analog to ODMS indicating that dimethyl SiSCD’s present a highly

enantioselective environment to piperoxan enantiomers.
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Figure 31. Capillary electrophoretic separations of some weakly-binding bases using

ODMS as chiral resolving agent in pH 2.5 aqueous BGE. NM is nitromethane.
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For the strongly binding bases, separation selectivities increase asymptotically to
infinity while both enantiomers migrate cationically. As the mobility of the slower
enantiomer approaches zero mobility, there is a discontinuity in separation selectivity.
For strongly binding enantiomers, peak resolution increases greatly when the mobility of
one of the enantiomers approaches zero. Representative electropherograms obtained for
the separation of some of the strongly binding weak bases are included in Figure 33.

There are far fewer enantiomers for which favorable separation selectivity was
found in the high pH BGE than in the low pH BGE. However, the utility of ODMS as a
chiral selector in high pH BGEs cannot be neglected based strictly on this fact. To the
contrary, while only 14 of the 36 enantiomers screened for separation selectivity in the
high pH BGE showed measurable selectivity, six of the fourteen had dramatically
different separation selectivity patterns in the high pH versus low pH BGE including
diltiazem, which showed no separation selectivity in the low pH BGE. Thus, diltiazem
constitutes the lone desionoselective separation observed for the entire set of chiral
separations presented. Representative electropherograms obtained for the separation of

some weak base enantiomers in the high pH BGE are included in Figure 34.
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3.3.2 Weakly Acidic Enantiomer Separations in Aqueous BGE’s

Use of ODMS for the separation of a set of thirteen weak acid enantiomers
yielded a total of eight separations with o> 1. The mobilities of the weak acid analytes in
the ODMS-free BGE’s are initially zero in the low pH BGE and ranged from -25 to -15
mobility units in the high pH BGE, respectively, as expected for weakly acidic
compounds. At low pH, the acids become increasingly anionic with increasing ODMS
concentration. Separation selectivities observed for the low pH weak acid separations
pass through a maximum at low ODMS concentration and are generally between 1.01
and 1.1, with trans-2-phenyl-1-cyclopropanecarboxylic acid (TPCA) showing exceptional
separation selectivity at 1.4. Baseline resolution was observed for six of the eight analytes
with o> 1 because of good B values. Figure 35 shows typical mobility and separation
selectivity plots for some of the weakly acidic enantiomers in the low pH BGE.

At high pH, the trend in the mobility is opposite from that observed in the low
pH separations. The anionic effective mobility of the enantiomers are high at low ODMS
concentration and become lower as the ODMS concentration is increased due to both
complexation with ODMS and the mobility suppressing effects of the increasing ionic
strength. Separation selectivities were poor resulting in a lack of separation despite
comparable B values to those seen in the low pH measurements. The only exception was
fenoprofen with o = 1.02 and baseline resolution at 40 mM ODMS.

While the solubility of the weak acid enantiomers was certainly better in the high
pH BGE, separation selectivity was observed only for fenoprofen enantiomers. It is

interesting to note the structural similarities between fenoprofen and ketoprofen
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enantiomers and that, in the high pH BGE, the ketoprofen enantiomers showed no
separation even though both possessed comparable B values, -1.75 and -1.9, respectively.
Also, it has been stated that the dimethylated SiSCD’s present a hydrophobic surface to
complexing enantiomers and thus. have a greater tendency to exhibit weak hydrophobic
interactions to bring about enantioselectivity. If this is true then, one might expect a more
negative effective mobility for a hydrophobic enantiomer like 2-phenylpropienic acid as
compared to the more hydrophilic mandelic acid when in fact, the opposite is observed.
Finally. ethosuximide and a:-methyl-o-phenylsuccinimide differ at the o position with
ethosuximide possessing an ethyl substituent and a-methyl-o-phenylsuccinimide
possessing a pheny] substituent. This difference is significant enough to cause
ethosuximide to show no measurable separation selectivity at any ODMS concentration
in contrast to the a = 1.14 for ct-methyl-a-phenylsuccinimide in 20 mM ODMS in low
pH BGE. Representative electropherograms obtained for the separation of other weak
acid enantiomers in the low pH BGE are included in Figure 36.
3.3.3 Nonionic Enantiomer Separations in Aqueous BGE’s

Investigation into the potential use of ODMS as a chiral resolving agent for the
enantioseparation of neutral compounds resulted in measurable selectivity for five of
eighteen nonionic enantiomers, mostly aromatic alcohols, three of which showed
sufficient separation selectivity at the concentrations used to be baseline resolved. The
anionic mobilities of the non-charged enantiomers increased almost monotonically with
increasing ODMS concentration. The selectivity plots resemble those obtained for the

weak acid enantiomer separations at low pH.
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The sensitivity of the enantiorecognition mechanism becomes apparent with the
comparison of the separations of ethylmandelate and methylmandelate. While
ethylmandelate was separated, methylandelate was not. The very weakly complexed
neutral compounds possessed only a very slight anionic mobility in the range of -2.0 to -
2.4 mobility units at the highest ODMS concentration used. resulting in exceptionally
poor B values ranging from -7.9 to -12. Others that showed no separation selectivity were
as far away from the ideal -1 value as -250! The tendency for very weak complexation of
nonionic enantiomers was also seen with HDMS, where higher chiral resolving agent
concentrations lead to more successful separations. Representative electropherograms
obtained for the separation of non-jonic enantiomers in the low pH BGE are included in
Figure 37.

Tables 1 and 2 list the effective mobilities of the less mobile enantiomer (.,
the separation selectivity(a), the corresponding normalized electroosmotic flow (B). the
peak resolution and the injector-to-detector potential drop (U) values in the low and high
pH BGE’s, respectively. N/A indicates that the aforementioned values could not be
calculated due to either overlap with non-comigrating system peaks or comigration of an

enantiomer peak with the neutral marker.
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Table 1.

Electrophoretic data for weakly basic, acidic and non-ionic analytes in pH 2.5
aqueous BGE_(u units are 10°° em®V-'g).

0mM 5mM (U = 22.9 kV) 10mM (U =229 kV)
_Analyte p w’ B Rs w' o B Rs
B02 158 50 108 199 185 40 111 283 286
B03 173 64 115 189 457 48 121 232 696
BO4 215 93 101 117 054 87 102 124 082
BOS 22.7 114 102 098 059 97 102 145 096
BOG 221 96 109 108 222 82 112 101 595
BOS 144 58 101 204 036 44 102 159 1.00
B09 165 62 105 180 107 51105 208 106
B10 14.8 70 100 162 0.00 s5 100 199 0.00
Bl 16.0 79 100 132 000 68 100 161  0.00
BI3 214 55 116 222 466 36 123 292 437
Bl4 16.0 69 103 146 LI 54 103 198 LIl
BI6 18.1 59 103 181 114 44 103 239 103
BIS 148 14 LI6 653 14 310052 <337 1394
BI9 17.0 62 106 177 133 50 107 210 166
B20 197 76 117 160 346 59 118 178 604
B21 157 59 102 176 066 46 104 227 138
B22 182 96 102 107 100 89 103 092 164
B23 154 SL1 021 933 533 23 060 -599 095
B24 134 09 078 -1324 156 24105 -446 153
ALl 071 -1033 306 25 120 -424  6.08
-16 060 734 765 300130 353 247
B25 14.9 51100 242 000 37 100 283 0.00
B26 187 49 103 234 084 34 100 310 000
B27 155 78 100 145 000 63 100 168  0.00
B28 20.1 106 101 131 019 86 101 124 057
B30 173 s6 109 214 278 38 LI5S 277 376
B31 152 47 100 239 000 34 100 316 000
B33 200 39 108 281 170 20 118 538 215
B34 214 96 105 116 224 83 106 126 256
B35 15.0 53 108 204 193 40 LII 257 238
B36 150 52 100 210 000 40 100 261 000
B37 169 72 100 151 000 57100 182 0.00
B33 19.8 A1 -405  9.86 3404 14 -168 -1005 17.14
B39 235 1o 102 10t 109 9.0 103 115 145
B41 168 23125 446 366 02 343 4146 641
B2 165 520 071 -193 1440 73 078 -144 23.19
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Table 1. Continued

20mM (U= 16 1 V/iem)

30mM (U = 10.2 V/iem)

40 mM (U = 7.6 V/cm)

Analyte " o B Rs w o B Rs o a B Rs
B02 26 117 58 216 21 L14 978 116 18 115 1081 119
BO3 37 126 428 623 34 124 605 367 32 116 477 142
BO4 76 102 213 08l 72 102 290 066 68 102 297 063
BOS 82 1.03 148 136 7.5 104 266 109 69 104 291 093
BO6 71 113 177 506 65 113 319 358 62 112 324 362
BOS 33 103 485 058 28 104 738 045 24 104 572 061
B0Y 43 108 373 169 38 109 542 129 32 LIl 480 273
BI0O 44 100 363 000 36 100 572 000 32 100 425 000
Bl 56 100 28 000 47 100 444 000 39 100 373 000
B13 31 126 428 401 27 129 493 39 25 126 546 292
Bl4 46 103 291 079 37 102 562 042 31 103 434 037
BI6 38 103 349 047 33 100 625 000 26 100 519 000
BI8 29 049 -460 1391 29 050 -703 924 2.8 050 -48 1038
BI9 44 110 305 209 38 112 345 253 35 112 528 |72
B20 53 1I3 250 275 48 109 275 175 45 101 415 019
B21 37 107 361 106 29 108 623 09 23 100 804 113
B22 73 104 235 133 64 105 309 103 60 105 229 014
B23 3.1 073 431 127  -33 080 -543 072 33 08 -570 0.7
B24 .30 100 -437 000 30 100 -567 000 -32 100 -591 000

30 116 -437 500 <30 113 567 273 .32 LIl 591 206

S35 120 378 773 34 115 502 386 -35 113 -533 324
B25 3.0 100 483 000 22 100 475 000 1.8 100 1049 000
B26 23 100 762 000 20 100 860 000 18 100 1013 000
B27 S3 100 247 000 43 103 305 073 34 107 393 125
B28 76 100 163 019 66 100 260 000 61 100 261 000
B30 27 128 492 719 19 134 922 267 13 135 1100 275
B31 26 100 495 000 20 100 881 000 15 100 908 000
B33 08 145 2548 203 05 18 3611 249 02 320 7737 262
B34 75 107 277 194 67 107 271 215 64 107 254 19
B35 30 116 S8 166 20 116 907 18 18 117 921 157
B36 29 100 629 000 22 100 932 000 20 100 856 0.00
B37 45 100 405 000 3.8 100 545 000 27 100 623 000
B38 26 -0.84 -703 2775 22 -089 -924 2297 -1.8 -104 -970 2158
B39 84 104 219 136 76 104 269 130 70 104 239 131
B4l -08 032 -1824 469  -13 063 -1041 28  -16 074 -865 3.02
B42 69 082 -216 1432 -63 08 -321 847 -58 084 288 474
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Table 1. Continued

0 mM 5 mM (U =22.9 V/iem) 10 mM (U = 22.9 V/cm)
Analyte m '« B Rs wf o B Rs
B43 14.1 30 103 369 051 13 109 492 077
B4S 143 71 106 163 152 56 109 158 3.63
B46 160 65 100 158 000 52 100 167 000
B47 165 59 110 182 232 40 116 215 542
B49 15.0 09 287 1304 800 06 -1.12 -1356 17.38
BS1 172 55 127 201 726 40 139 217 1268
BS3 132 61 103 177 077 52 104 175 158
BS4 113 29 081 408 335 36 088 215 10.18
BS7 104 42100 282 000 36 100 253 0.00
BS§ 20.8 85 105 123 160 63 106 101 3.2
B60 18.4 108 107 207 095 84 109 082 443
B61 208 1.3 100 136 000 61 101 114 038
A02 03 -17 126 889 246 21 128 501 626
AO3 0.0 0.5 1.00 -28.81 0.00 05 110 2352 047
A09 0.0 N/A N/A
A22 0.6 52 106 -3.03  3.06 60 108 -1.53 937
A23 insoluble -0 100 <1131 0.00 A7 105 -600 062
A27 038 -7 104 2718 047 28 105 -362 133
A28 0.2 320 100 -3.97 000 40 100 245 006
A3l insoluble 21 106 613 123 35 106 284 3.6
A36 04 09 100 -15.08 000 S13 100 2747 000
No2 0.0 03 110 -3472 029 06 121 2044 100
N10 0.0 02 100 -66.37 000 03 100 -38.14 000
NIS 0.0 NIA 03 100 -37.18 000
N19 00 NA N/A
N20 00 -04 100 -30.79 0.00 07 100 -1728 000
N21 0.0 04 100 -33.73 0.00 07 100 -17.17 000
N22 0.0 04 100 -30.67 000 07 115 -18.02 0.84
N24 0.0 02 100 -59.36  0.00 03 100 -34.65 0.00
N25 00 04 100 2726 0.00 08 100 -1463 0.0
N26 0.0 03 100 -3659 000 06 100 -1879 000
N27 00 -03 100 -38.68 0.00 05 102 2095 010
N30 0.0 04 135 2911 109 07 134 1411 253
N34 0.0 04 100 -3426 0.00 06 100 -1691 0.00
N36 0.0 04 100 -3157 0.00 07 100 -1562 0.00
N38 00 -03 100 -31.57 0.0 06 100 -1562 000
N39 0.0 03 100 -4472 000 05 100 -1873 000
N40 0.0 0.6 100 -40.62 000 - 100 -1960  0.00
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Table 1. Continued

20 mM (U =16.1kV)

30mM (U =102kV)

40mM (U=7.6kY)

eff

Analyte " o B Rs T a B Rs 2 o B Rs
B43 06 1.1l 1437 060 -04 100 -3318 0.00 -04 100 -3036 000
B4s 47 112 328 289 38 L14 532 249 33 114 489 219
B46 46 100 333 000 40 100 326 000 3.7 100 443 000
B47 29 125 519 574 20 129 1023 294 1.5 137 1053 336
B49 -1.7 030 -875 876 21 051 964 675 <23 063 -580 677
B51 33 147 455 747 28 149 579 867 24 152 757 59
B53 42 105 362 118 34 106 3.84 107 27 107 508 079
B34 45 090 332 3.64 48 092 -420 180 46 093 -3.89 248
B57 17 100 896 0.00 1.2 100 1371 000 07 100 2503 000
B58 60 106 203 207 55 106 378 145 50 106 354 140
B60 74 110 203 372 65 111 316 319 61 111 289 293
B61 S1 100 291 000 45 100 461 000 41 100 425 000
A02 28 140 -410 1081 -33 140 320 1153 37 140 478 907
A03 09 114 -1298 091 =11 112 -8%6 1.02 -5 112 -13.55 073
A09 <01 100 -9434 0.00 -02 1.00 -57.45 000 -03 100 -5857 000
A22 -101 107 -241 183 -11.0 106 206 491 -121 1.4 -1.50 511
A23 28 106 -433 176 -35 L05  -649 064 -41 105 -313 189
A27 44 106 -2.78 266 -5.6 105 -402 184 -67 105 -270 231
A28 41 101 -300 044 42 102 250 0.60 -45 102 279 065
A3l -49 1.06 -251 582 -6.0 106 -374 213 62 106 -298 178
A36 22 100 -517 000 25 101 -406 033 -29 102 426 043
NO2 -11 123 -10.83 205 -13 123 -1974 141 -18 122 -11.10 195
NI0O -06 104 -21.10 0.19 0.8 111 -1276 060 -1 109 -1831 047
NI5 -06 100 -2042 000 -08 100 -1233 000 -1l 100 -17.89 0.00
NI9  -01 1.00 -13546 0.00 -0.1 100 -70.79 000 -02 100 -116.85 0.00
N20 -13 100 -985 000 -18 100 -882 000 <22 100 -8.72 0.00
N21  -11 108 -1145 062 -16 100 -6.16 0.00 -22 100 -864 0.00
N22  -11 L17 -12.08 138 -1.5 117 2055 071 220 117 947 144
N24 05 100 -25.53 000 07 100 -3983 0.00 09 100 -14.12 0.00
N25 -13 1.00 -978 Q00 -1.7 100 -823 000 -22 100 -5.78 0.00
N26 -10 100 -12.66 0.00 -1.2 100 -1629 000 -18 100 -981 000
N27 -08 111 -1460 063 -1 106 -1587 045 -15 110 -12.20 033
N30 -13 139 952 393 2.0 132 906 394 24 137 -785 200
N34 -11 100 -1164 000 -1.2 100 -1324 000 -18 100 -10.51 000
N36 -1.1 100 -1123 000 -1.5 100 -18.19 0.00 -19 100 -616 000
N38 -09 100 -11.23 0.00 -13 .00 -1819 0.00 -7 100 616 000
N39 09 100 -13.02 0.00 -1.2 100 -1959 000 -6 1.00 -6.71 0.00
N40 -18 100 -2390 0.00 <22 1.00 -21.52  0.00 =26 1.00 -7.18 000
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Table 2.

Electrophoretic data for weakly basic, acidic and non-ionic analytes in pH 9.5

aqueous BGE (y units are 10 % cnV's™)

0mM 5mM (U =8.5kV) 10 mM (U = 6.8 kV)
Analyte 1 Wt o B Rs " o B Rs

B02 12 40 104 1233 037 33 1.08 1168 067
BO4 145 71 1.00 6.90  0.00 55 1.00 704 0.00
Bo6 6.8 42 109 11.68 061 22 LI2 1804 052
BO8 100 4.1 1.00 1211 0.00 35 100 10.93 000
B09 13 N/A 35 100 1123 0.00
BI0 0.7 N/A N/A

Bll 1.3 04 100 130.98 0.00 08 100 4558 0.00
B13 14.8 44 114 1030 145 38 119 1002 163
Bl4 59 27 105 1733 036 12127 3173 093
Bi8 107 -1.5 018 -29.70 251 26 050 -1489 254
B19 11.2 48 100 957 000 33 100 1190 0.00
B20 182 83 100 557 000 63 100 625 0.00
B22 00 NA -07 100 -5945 0.00
B23 16 -13 100 -3517 0.00 29 085 -1363 1.28
B25 14.1 54 100 92.01 0.00 34 100 1146 000
B26 40 09 100 5622 0.00 -1 100 -3633  0.00
B28 179 104 1.00 4.67 0.00 80 1.00 4.88 0.00
B30 00 -1.1 100 -45.14  0.00 -46 100 -864 000
B31 8.4 39 100 1249 000 16 100 2450 0.00
B33 8.2 0.7 100 6153 000 N/A

B34 69 26 100 1673 0.0 23 100 1697 000
B36 25.0 125 1.00 350 000 127 100 313 0.00
B37 93 54 1.00 902 000 27 100 1446 000
B38 23 08 100 6271 0.0 .10 041 3774 167
B39 0.0 N/A -0.7 100 -5976 0.00
B41 10.8 N/A -04 1.00 -8774 000
B42 9.7 =37 067 -13.12 328 49 079 -796 387
B43 6.9 1.9 100 2105 000 04 100 90.88 0.00
B45S 6.0 26 100 1858 000 08 121 4922 051
B46 0.2 NA N/A

B47 24 N/A -14 100 -2855 000
B51 5.4 12 138 4180 095 L6 137 2469 152
B57 0.4 N/A -08 100 -5087 000
B58 192 83 104 4.96 083 73 106 547 104
B60 137 52 108 926 098 59 109 6.78 121
B61 3.5 N/A 0.7 100 5831 000
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Table 2. Continued

20 mM (U = 6.8 kV)

30mM (U =59kV)

40 mM (U = 7.6 kV)

off

Analyte o' [3 B Rs B2 o B Rs 1) o B Rs
B02 08 107 3566 025 N/A 01 100 -207.05 000
B04 32 100 899 000 3.1 100 905 000 28 100 656 000
B06 L5 L14 19.68 0.53 12 118 2289 065 L1 118 17.08 059
B08 12 100 23385 000 09 1.00 3020 000 0.7 100 27.50 000
B09 26 100 11.01 0.00 25 100 915 000 1.8 100 10.06 0.00
B10 08 100 -37.60 0.00 -13 100 -2036 000 -5 100 -11.98 0.00
BIl 08 100 -34.73 000 -5 100 -17.85 000 -1.7 100 -1036 000
B13 17 134 1707 187 14 134 1851 191 13 131 1404 193
Bl4 07 163 4010 192 -04 -104 -6635 276 -1.0 010 -18.80 572
BI8 24 053 -1229 430 -3.0 061 -7.58 457 27 065 -6.57 338
B19 27 100 1063 0.0 29 100 861 000 21 100 850 0.00
B20 45 100 633 000 48 100 516 000 38 1.00 466 000
B22 -0 1.00 -27.17 0.00 -L7 100 -16.68 0.00 20 100 927 000
B23 -39 080 -719 286 -55 080 -4.19 580 60 077 -3.05 1035
B2S 22 100 1276 0.00 2.1 100 1118 0.00 1.5 100 11.86 000
B26 -14 100 -1958 000 -28 100 -10.41 0.00 2.5 100 -741 000
B28 59 100 472 000 57 100 48 000 48 100 381 000
B30 -3.0 100 -947 000 -44 100 -541 000 -3.8 100 -487 0.00
B31 13 100 2176 000 07 100 3161 000 0.6 100 3181 0.00
B33 -1.0 087 2772 040 -24 094 -936 053 2.7 09 -7.08 059
B34 24 100 1120 000 1.5 100 1515 000 11 100 1771 0.00
B36 N/A 23 100 99 0.00 07 100 2835 000
B37 22 100 1518 000 1.3 100 1840 000 04 1.00 4445 000
B38 -16 057 -20.32 239 22 073 -1060 249 -22 083 -853 217
B3% -1.0 100 -25.00 0.00 -6 100 -14.60 000 <17 100 -11.09 0.00
B4l -11 072 -2494 136 2.1 087 -11.14 129 22 091 -852 118
B42 48 083 -579 397 54 08 -424 414 -47 088 -403 393
B43 05 100 -55.58 000 -5 100 -1491 0.00 -22 100 -856 0.00
B45 06 135 4536 062 NA -1.0 087 -1868 0.57
B46 -04 100 -66.13 0.00 08 100 -2723 0.00 -10 1.00 -18.30 0.00
B47 -15 100 -18.56 000 -1.8 100 -12.48 0.00 <22 100 -840 0.00
BS1 15 146 2293 179 04 212 5709 198 -03 100 -5588 0.0
B57 -1.5 087 -1825 0388 22 087 -10.88 129 -24 088 -7.64 165
Bs8 54 106 515 100 50 106 492 L4 39 106 469 113
B60 47 110 592 142 32 112 766 132 34 113 550 174
B61 03 100 10474 000 =22 100 -11.01 0.00 -08 100 -2240 000
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Table 2. Continued

OmM SmM (U=8.5kV) 10mM (U=68kV)
Analyte m wT a B Rs w o« B Rs

A02 203 203 100 237 000 -188 100 219 0.00
A03 -163 -142 100 283 0.00 -144 100 281 000
A04 -159 -167 100 -290 0.00 4156 100 263 0.0
AD9 8.4 2102 1.00  -396 000 -104 100 -390  0.00
Al6 129 -125 .00 -323 000 2134 100 299  0.00
A2 -16.8 <167 100 -289 0.00 -155 100 265 000
A23 -16.9 -166 1.00 291  0.00 -153 100 269 000
A26 -17.1 <169 100 -287 000 -158 100 261 000
A27 -163 4160 100 -3.03  0.00 <147 100 279 0.00
A28 225 205 100 220 0.00 206 100 -196 000
A30 -177 2170 101 284 057 2160 101 254 -0.62
A3l 174 4172 100 283 000 <163 100 251 0.00
A36 -22.0 210 100 232 000 2194 100 210 000
No2 0.0 -03 100 -151.00 0.00 07 100 -59.74 0.00
N10 0.0 N/A 04 100 -10275 000
NIS 0.0 N/A N/A

N19 0.0 N/A N/A

N20 0.0 N/A 07 100 -5453 0.00
N21 00 04 100 -126.88 000 08 100 -5229 0.0
N22 0.0 N/A N/A

N24 00 N/A 04 100 -10992 0.00
N25 00 04 100 -118.32 000 08 100 -47.65 0.00
N26 0.0 -03 100 -15485 000 07 100 -60.81 000
N30 00 N/A -08 132 5193 -0.62
N34 00 -03 100 -149.98 0.00 -0.7 100 -6349 0.00
N36 0.0 04 100 -13373 000 07 100 6072 0.00
N38 00 03 100 -13373 0.00 -06 100 -6072 000
N39 0.0 N/A 05 100 -70.80 0.00
N40 00 N/A -0 100 -8726  0.00
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Table 2. Continued

20 mM (U=6.8kV)

30mM (U=59kV)

40mM (U =76kV)

Analyte " o B__Rs w’ o B Rs w2t o B Rs
A02 <156 100 -196 000  -164 100 -168 000 -14.0 100 -1.56 0.00
A0 -14.2 1.00 000  -137 100 -200 000 -119 100 -1.80 0.00
A04 -13.7 1.00 000  -149 100 -1.81 000  -129 100 -1.67 000
A0S -116 1.00 000 94 100 -285 000 -100 100 -1.90 000
Al6 117 1.00 000 -119 100 -228 000 -10.5 100 -1.80 0.00
A2 -132 101 047  -140 101 -187 107  -122 102 -1.75 164
A23 -126 1.00 000  -130 100 -189 000 -111 100 -1.90 0.0
A26  -13.5 1.00 000 -141 100 -162 000 -12.4 100 -1.72 0.00
A27 <124 100 240 000  -130 100 207 000  -1L1 100 -1.90 0.00
A28 <167 100 -177 000  -173 100 -149 000  -145 100 -1.58 0.00
A30 -130 101 -226 055  -13.1 101 -163 -109 -114 101 -1.87 097
A3l -133 100 220 000  -137 100 -1L58 000 -117 100 -1.80 000
A36 160 1.00 -181 000  -166 100 -1.42 000 -13.9 100 -1.56 000
NO2 10 118 3012 060  -L5 119 -12.97 131 -18 119 978 191
NIO 06 100 -4723 000  -L1 100 -1818 000  -12 107 -15.13 043
NI5S 06 100 -4670 000  -10 100 -1829 000  -12 100 -1446 000
NI9 NA 03 100 -6809 000  -04 100 -44.65 0.00
N20 -2 100 -2469 000 21 100 -949 000  -21 100 -827 000
N2l 11 100 2494 000  -19 100 -885 000 21 100 -825 000
N22 09 100 -3129 000  -15 105 -1646 031  -16 107 -14.09 051
N24  -05 1.00 -56.05 000  -0.9 1.00 -17.14 000  -10 100 -21.78 0.00
N25  -12 100 -2437 0.00 <21 100 -1L74 0.00 22 100 -1004 0.00
N26  -10 1.00 -31.64 000  -16 100 -1000 000  -17 100 -1075 0.00
N3O -2 134 2406 167 22 135 852 361 23 134 -824 444
N34 -10 100 -2900 000  -18 100 948 000 -19 100 -995 0.00
N36 -0 1.00 -2825 000  -17 100 989 000 -1.9 100 -10.08 000
N3§ 09 100 -2825 000  -16 100 -9.890 000  -17 100 -10.08 0.00
N39 07 100 -3213 000  -12 100 -11.72 000  -14 100 -11.01 000
N40 -5 100 -4072 000 2.6 100 -1680 000 26 1.00 -1387 000




3.4 Weakly Basic Enantiomer Separations in Methanolic BGE’s

Several advantages exist in the use of non-aqueous BGE's as compared to
aqueous ones. Non-aqueous CE (NACE) allows for separation of analytes with low water
solubility. Some NACE solvents have low viscosity and low conductivity, which permits
the use of higher potentials. Commonly used NACE solvents include DMSO, N-
methylformamide (NMF), N.N-dimethylformamide (DMF) and propylene carbonate
(PC) as well as methanol (MeOH) and acetonitrile (ACN). Some, such as DMSO, NMF,
DMF, and PC have high UV cut-off values relative to the others. Since the solubility of
most SiSCD’s, including ODMS is adequate in methanol, this is the solvent of choice for
NACE.

Study of the use of ODMS as a chiral resolving agent in an acidic non-aqueous
BGE was carried out using a set of 34 weakly basic enantiomers. Table 3 lists the
effective mobilities of the less mobile enantiomer (u,"™), the separation selectivity(c), the
corresponding normalized electroosmotic flow mobility (B). the peak resolution and the
injector-to-detector potential drop (U) values. Once the ODMS concentration was found
where the effective mobility of an analyte changed from anionic to cationic, the ODMS
concentration was not decreased further because it is known that lowering the ODMS
concentration after the cross-over would lead to lower separation selectivities. Mobility
and separation selectivity plots for some of the weak base enantiomers are shown in
Figure 38.

All 34 of the weakly basic enantiomers used in the non-aqueous effective

mobility measurements showed separation selectivity at one or more of the ODMS
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Figure 38. Mobility a) and separation selectivity b) curves for B44 (+), B14 () and B49

(®) in acidic methano! BGE. Mobility units are 10 cm’V-'s”.
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concentrations used. All but four were baseline resolved under the given separation
conditions. A third migration behavior was observed in NACE measurements so that all
the weak bases studied fell into one of three mobility patterns. The weak bases whose
effective mobilities remained cationic throughout the ODMS concentration range are
weakly binding and have their effective mobilities depressed toward zero by the
increasing ionic strength. There is no discontinuity in the separation selectivity pattern
similar to the weak base aqueous enantiomer separations. The moderately strongly
binding bases migrate cationically until, at some intermediate ODMS concentration, their
effective mobility becomes anionic and then is depressed back by ionic strength to a
lower, though anionic value as the ODMS concentration is further increased. The third
mobility pattern is similar to the pattern for strongly binding bases observed in the
aqueous measurements. The effective mobility of the enantiomers becomes anionic at a
low ODMS concentration, then rapidly decreases at the higher ODMS concentrations due
to increasing ionic strength. A discontinuity is observed in the separation selectivity
patterns of both the moderately and strongly binding weak bases. The difference between
the two is that the discontinuity occurs very early on in the ODMS concentration range
for the strongly binding weak bases and at some intermediate ODMS concentration for
the moderately strongly binding weak bases. Favorable B values led to good peak
resolution as can be seen for several of the enantiomer separations shown in Figure 39.
The four weak bases that could not be baseline resolved included bupivicaine,
bupropion, metaproterenol and piperoxan. Piperoxan was noted in section 3.3.1 for its

peculiarly strong binding. In NACE, it's binding is weak and the enantiomers cannot be
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Figure 39. Capillary electrophoretic separations of weakly basic analytes using ODMS as

chiral resolving agent in acidic methanol BGE. NM is nitromethane.
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Figure 39. Continued
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Table 3.

88

Electrophoretic data for weakly basic analytes in acidic methanol BGE
(u units are 105 cn?V''s!, U= 19 kV for all ODMS concentrations).

0mM 0.5 mM I mM
Analyte m wt o B Rs w? o« B Rs

B02 216

B04 230

BOs 283

B06 238

Bl10 207

BI1 262

BI3 24.5

Bl4 16.5

Blé 18.7

B1§ 166 27 130 452 2,18
B19 14.0 45 100 342 0.00
B20 309

B21 221

B22 25.6

B23 7.6 1.5 120 8.13 0.68
B25 239 87 1.00 1.69  0.00
B26 193

B27 253

B28 278

B30 183

B31 199

B33 255

B34 234

B37 223

B38 19.3

B41 20.9

B42 20.1

Bd4 70 20 231 1257 3.92
B45 152

B47 17.8

B49 15.0

B34 1.2

Bs6 14.4

B60 26.3



Table 3. Continued

2mM 10 mM 20 mM

Analyte 1"« 4 Rs w o« B Rs o B Rs
BO2 -16 206 -6.88 1320 61 116 110 3.60
BO4 63 122 257 230 21 -081 -314 3060
BOS -28 078 -407 3.00 1.3 246 677 870
B06 06 100 2550 0.00 -3.6 084 -236 640
BI10 92 100 076 000
B11 -13 046 -908 240 134 100 063 0.00
B13 35 117 366 110 46 107 189 080 -22 068 -4.14 440
Bl4 69 1.00 059 000 -35 010 -371 1280 4.1 107 1.64 100
B16 29 141 503 220 -36 064 -333 360 -37 035 -205 2400
BI8 -3.7 097 -330 030 -38 058 -229 630
BI9 20 060 -580 1.90 31 097 294 060
B20 36 119 211 310
B21 40 118 230 260
B22 -4.7 091 -257 160 108 106 083 120
B23  -32 087 -4.16 090 -31 100 -400 0.00 -4.0 090 -3.05 270
B25 -1.2 1.00 -925 180 -39 001 -323 8.90 29 097 -3.17 060
B26 27 133 507 1.70 -43 035 -181 2210
B27 10.1 104 113 090
B28 66 114 120 370
B30 53 102 1.51 050
B3l 38 121 305 340
B33 -0.3 -1.53 -4125 230 27 144 307 570
B34 70 107 160 130 -18 061 -467 370
B37 6.1 120 136 420
B38 19 111 416 080
B41 47 111 162 130
B42 -4.5 076 -287 370 24 175 479 550
B44 31 0S5 -452 360 -41 078 -2.00 9.80
B45 44 150 1.77 860
B47 08 202 964 480 54 117 1.44 340
B49 -45 076 -287 3.0 -04 -076 -18.81 470
B54 -18 056 -63% 370 3.0 093 273 240
BS6 12 117 692 120
B60 27 193 378 1300
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Table 3, Continued
30 mM 40 mM

Analyte o a B Rs e a B Rs
BO2 52 125 1.25 5.20 4.8 127 1.25 5.70
B04 -3.0 -0.53 ~2.23 39.50 -2.5 -052 -2.48 2560
BO5 11 245 5.18 9.80 0.8 2.63 1075 150
B06 -3.5 0.85 -1.91 7.10 =31 0.86 -2.00 6.50
B10 8.8 102 660  0.60 82 101 072 060
B1l 12.1 1.03 049 0.90 115 103 0.51 123
BI3 22 064 277 7.90 2.2 064 -2.68 370
B14 3.6 1.08 2.00 140 35 109 160 2.10
B16 36 039  -172 2250 3.5 037 -1.89 2260
B18 =36 053 -1.72 800 =33 052 -2.03 7.20
B19 -28 096 =257 1.20 -2.8 096 -196 210
B20 27 126 267 300 22 1.27 273 330
B21 3.6 117 2.00 320 33 118 1.79 6.60
B22 95 105 077 170 93 106 065 2.10
B23 -3.7 0.95 -1.70 360 3.6 092 -2.53 200
B25 2.6 097 235 120 25 096 244 100
B26 -3.7 038 -1.76 2300 33 039 -1 70 3050
B27 9.1 104 071 1.80 85 105 072 1.60
B28 6.2 L13 1.05 320 58 1.12 105 320
B30 48 102 138 050 44 1.02 134 0.70
B31 34 1.29 197 460 3t 135 197 5.80
B33 2.6 142 2.58 5.40 24 142 121 1000
B34 -18 0.72 -3.78 320 -1.6 0.69 -5.75 490
B37 1.25 102 570 54 126 111 690
B38 111 317 130 17 106 1.88 1.00
B41 119 1.40 250 3.9 1.18 154 300
B42 206 333 1250 18 200 333 170
B44 0.79 -179 9.70 =32 0.78 -1.91 8.20
B45 1.47 147 1220 42 1.40 079 1280
B47 1.20 1.59 3.10 49 118 071 460
B49 023 739 340 09 049 527 540
B34 0.93 -2.44 2.50 2.1 0.90 -2 86 190
B56 117 558 1.20 13 115 431 160
B60 213 343 10.70 22 2.00 1.23 2420
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baseline resolved. Another, more dramatic observation, is that, several of the analytes
whose mobilities were measured in both acidic aqueous and acidic methanolic BGE’s
have a considerably more anionic mobility in the methanolic BGE than the same
enantiomer whose mobility was measured in low pH aqueous BGE. This is the exact
opposite trend observed for similar measurements using either HDMS, HDAS or ODAS.
3.5 Summary

A new, single-isomer, charged chiral resolving agent, ODMS, has been
effectively used for the CE separation of the enantiomers of a large number of weak acids
and weak bases in both low and high pH aqueous BGE’s as well as for the separation of
weak bases in an acidic methanolic BGE. The enantioselectivity afforded by ODMS
appears unique among other SiSCD’s as it presents a combined hydrophobic/ hydrophilic
chiral environment for enantiorecognition. ODMS had a limited utility for the separation

of non-ionic enantiomers.
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CHAPTER IV

CONCLUSIONS

The synthetic methodology used to produce ODMS utilized protection group
chemistry to allow regioselective per-modification of the secondary hydroxyl groups.
Subsequent steps included deprotection followed by complete sulfation of the primary
hydroxyl groups. Thorough analytical characterization of ODMS and each of its
synthetic intermediates was accomplished using HPLC-ELSD. indirect UV-detection
CE, 1-D and 2D 'H and “C-NMR, MALDI-TOF mass spectrometry and X-ray
crystallography. These characterization methods. when interpreted together, yielded
convincing evidence that ODMS is isomerically pure and has the expected substitution
pattern.

Use of ODMS for the separation of weakly basic enantiomers in pH 2.5 aqueous
BGE’s showed that most exhibit one of two specific mobility trends; those that are
strongly binding and thus, have anionic mobilities at very low ODMS concentrations and
those that are weakly binding with only moderate change in their cationic effective
mobility. Since most analytes showed only weak binding, ODMS offers the potential for
resolution of enantiomers with very short analysis times. Also. for both weakly basic and
weakly acidic enantiomers, weak binding characteristics typical to ODMS resulted in
good resolution of the analytes due to improved B values. High pH measurements were
not as successful. Poor B values resulted in low resolution separations even when

separation selectivity values were the same or comparable to those observed in the low
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pH BGE. However, it was shown that, at least for the weakly basic and weakly acidic
analytes, a high pH BGE can offer different separation selectivity patterns from that
observed in low pH BGE's which may prove to be invaluable in the analysis of more
complex enantiomer mixtures.

Even more successful was the use of ODMS for enantiomer separations in an
acidic methanolic BGE where higher potentials and good P values resulted in very fast
analysis times. Often, baseline resolution was observed in under 5 minutes with very low
ODMS concentrations. ODMS was found to be a more versatile chiral resolving agent
when used in acidic methanolic BGE’s than in aqueous BGE’s as a third mobility trend,
for moderately binding analytes, was observed. While these are important findings,
probably the most surprising result was that many enantiomers separated both in acidic
aqueous and acidic methanolic BGE's showed increased binding strengths in the acidic
methanolic BGE. This was unexpected both due to previous work with other SiSCD’s
where the opposite trend was more common and because of a preconceived notion that
methanol would act as a stronger competing agent resulting in reduced complexation
constants than observed in an aqueous BGE. While the number of separations that can be
compared using both BGE’s with an 8iSCD other than ODMS is limited, the change in
the mobility trends means that greater control can be exerted over the mobility of an
analyte. Again, this knowledge may prove invaluable for the separation of more complex
mixtures.

In conclusion, a novel, single-isomer, sulfated cyclodextrin, the sodium salt of

octakis(2,3-di-O-methyl-6-O-sulfo) cyclomaltooctaose (ODMS). has been produced on



the large scale with greater than 98% isomeric purity. It has been successfully used as a
chiral resolving for capillary electrophoretic separation of weakly acidic and weakly
basic enantiomers in aqueous and methanolic BGE’s and with limited success for the
resolution of non-ionic enantiomers. ODMS has been shown to offer unique mobility

and separation selectivity trends as compared to other single-isomer, sulfated CD’s.
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Octakis(6-O-t-butyldimethyisilyl)cyciomali (2)— To a mechanically

stirred, sealed reaction vessel containing a solution of dry (1) (1.8 kg), imidazole (0.79
kg) and DMAP (0.03 kg) in dry DMF (2.6 L), add dropwise over a one week period a
solution of TBDMSCI (0.84 kg) in EtOAc (1.68 L) followed by dropwise addition over a
one week period of a solution of TBDMSCI (0.84 kg) in EtOAc (2.52 L). Add imidazole
(0.05 kg) to the DMF/EtOAc mixture and add dropwise over a one day period a solution
of TBDMSCI (104.5 g) in EtOAc (0.31 L). Repeat this last step until the undersilylated
side-product is lower than 1% as measured by RP HPLC-ELSD (MeOH-EtOAC). Add
EtOAc (4 L) and filter the imidazolium chloride on a Buchner funnel Add EtOAC (4 L)
to the filtrate and stir 12 hr to precipitate the crude product. Filter the crude product on a
Buchner funnel and wash with water (3 x 2 L). Digest the washed, crude product in
refluxing acetone (14 L) to obtain (1) as white powder until over-silylated material is less
than 0.1 area % of the target peak as measured by RP HPLC-ELSD. Recrystallize the
white powder from methanol (2-3 x 9 L) until the under-silylated side-product is less
than 0.3 area % of the target peak as measured by RP HPLC-ELSD and dry in vacuo at
110 °C to a constant mass to yield (2) (2.05 kg, 67%).
Octakis(2,3-di-O-methyl-6-O-sulfo)cyclomaltooctaose (3)— To a mechanically
stirred, sealed reaction vessel containing a mixture of dry NaH (87 g, 60% dispersion in
mineral oil) in THF (3.75 L) add over a 40 min time period a solution of (2) (250 g) and
CH,I (169 mL) in THF (1 L) and stir for 5 hr while monitoring for completion by RP
HPLC-ELSD (MeOH:EtOAc). Add MeOH (50 mL) to quench. Add BuOAc (1.3 L) and

evaporate to dryness. Filter the Nal precipitate on a Buchner funnel prior to precipitation
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of crude product. To the crude material add water (3 ~ 1 L) and evaporate to dryness.
Add anhydrous ethanol (3 x 2L) and evaporate to dryness. Dry in vacuo at 60 °C
overnight to obtain (3) as a bright yellow powder (307 g, 97%).

Octakis(2, 3-di-O-methyl)cyclomaltooctaose (4).— To a magnetically stirred
solution of (3) (400g) in anhydrous EtOH (2 L), slowly add HF (334 mL, 48% aq. soln.).
Continue stirring for 12 hr. Monitor completion of the reaction by NP HPLC-ELSD
(MeOH: EtOAc). Place the reaction vessel in an ice bath and add dropwise over a 1 hr
period a solution of NaOH (350 g) in water:anhydrous ethanol (0.3:1.44 L) to a
phenolpthalein endpoint. Evaporate to dryness and filter the Nal precipitate on a Buchner
funnel prior to precipitation of the crude product. Recrystallize in acetone (5-6 x3 L) to
obtain (4) (99% pure by HPLC) as a white powder (181 g, 72%).

Octakis(2,3-di-O-methyl-6-O-sulfo)cyclomaltooctaose (5).— To a magnetically
stirred solution containing (4) (250 g) in DMF (375 mL) add Pyr-SO, complex (251 g).
Continue stirring for 2 hr and pour into acetone (3.75 L). Decant and dissolve the
amorphous solid in 6.6 M NaOH (240 mL). Add anhydrous EtOH (3 L) and evaporate to
dryness. Precipitate the crude material from solution in a minimum volume of water
made basic with 10 M NaOH and 6 x water volume of anhydrous ethanol. Repeat until
isomeric purity is acceptable and no dimethylamine peaks are observed in the 'H-NMR.
Filter on a Buchner funnel the material from 50 mM solution in MeOH to remove

Na,SO0,. Evaporate to dryness from water (5 L) to obtain {(5) as a white solid.
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