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Abstract

A multitude of studies have revealed specific biological mechanisms that contribute to
D-amino acid action and regulation in the mammalian central nervous system. The
remarkable increase in our understanding of D-amino acid function and distribution in
mammals is in many ways a result of the development of sensitive enantioselective
separation strategies that allow for quantification in real biological samples. In capillary
electrokinetic chromatography (cEKC) the most powerful chiral resolving agents are
anionic cyclodextrins (CDs), yet these have not previously been investigated for chiral
bioanalysis of amino acids. The focus of this dissertation research was to investigate for
the first time the feasibility of and application of anionic cyclodextrins as resolving
agents in bioanalytical chiral separations of amino acids. This dissertation encompasses
1) the development of a new bioanalytical separation utilizing capillary electrophoresis
laser induced fluorescence (CE-LIF) with sulfated-B-cyclodextrin for analysis of D-
serine (D-ser) and L-glutamate (L-glu) in mammalian brain, 2) the first synthesis and
characterization of 6 members of a new family of single isomer sulfoalkyl cyclodextrins,
3) initial studies on chiral analysis of amino acids using single isomer sulfoalkyl CDs,
and 4) development and application of a novel microperfusion sampling approach for
acute brain slices and coupling of this method to the developed chiral CE-LIF for
studying magnitude and timing of D-ser and L-glu efflux from acute hippocampus in
response to modeled cerebral ischemia. The results of these studies demonstrate that 1)

anionic CDs are powerful chiral selectors for amino acids and can be applied for



v
sensitive bioanalysis of D-amino acids including D-ser, D-glu, and D-asp in brain
samples; 2) single isomer sulfoalkyl CDs can be synthesized by regioselective reaction
chemistry; 3) single isomer sulfoalkyl CDs are excellent resolving agents for amino acid
analysis and may be valuable for bioanalytical chiral applications; and 4) microperfusion
sampling coupled to CE-LIF can be used to analyze dynamic changes in the magnitude
and timing of neurochemical efflux from single acute hippocampus slices exposed to
modeled ischemia. Results of these latter studies suggest that D-ser and L-glu efflux
occurs simultaneously in acute hippocampus with similar timing but differing

magnitudes.
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Chapter 1

Introduction

1.1 Biological significance of D-amino acids and regulation in CNS

Chirality is a pervasive feature of biological systems. Of the 20 common a-amino acids
found in biology, only glycine lacks a stereocenter. The 19 L-amino acids are
widespread in nature and critical for life processes. In contrast, until recently the
presence of D-isomers of amino acids was accepted only in lower organisms such as
bacteria where they predominately play structural roles in peptidoglycan layers of cell
walls (Bhattacharyya and Banerjee, 1974). Essentially all bacteria have been shown to
produce, metabolize, and store D-amino acids; the presence of D-amino acids in
mammalian brain and other tissue was thought to indicate bacterial contamination of
samples (Corrigan, 1969). In 1987, Man et al. identified age dependent levels of D-asp
in hydrolyzed protein samples from human white brain matter (Man et al., 1987). Their
approach relied on isolating tissue samples, liberating amino acids, concentrating,
labeling with fluorinated agents to increase volatility, and quantifying amino acid
enantiomers by chiral gas chromatography mass spectrometry (GC-MS). Around the
same time, Dunlop et al. identified significant levels of free D-asp in brain and other
tissue of mammals (Dunlop et al., 1986) using high performance liquid chromatography
(HPLC) with fluorescence detection. This latter approach allowed for the study of free
aspartate in newborn rat brain tissue where they found high levels of D-asp that decrease

systematically with aging. Other related studies with chick embryos demonstrated that



free D-asp increases with development in the egg (a closed system) then decreases
during postnatal stages (Neidle and Dunlop, 1990). Today, D-asp is known to be
produced in mammalian brain with particular localization to glandular structures
involved in hormone regulation including the pituitary and pineal glands (Schell et al.,
1997a). Among its effectors, D-asp may act in glandular structures in the CNS to
regulate release of prolactin and melatonin (Furuchi and Homma, 2005; D'Aniello,
2007).

In 1992, Hashimoto and associates utilized chiral HPLC coupled to amino acid
derivatization and sensitive fluorescence detection and confirmed several of the earlier
studies on D-asp localization and developmental changes. Importantly, these newer
studies demonstrated high levels of free D-serine (D-ser) in the central nervous system
(CNS) with particular localization in forebrain regions (Hashimoto et al., 1992b;
Hashimoto et al., 1992a; Hashimoto et al., 1993b; Hashimoto et al., 1993a). Typical
levels of D-ser in the CNS are as much as one-third that of the corresponding L
enantiomer making free D-ser overall the most abundant D-amino acid in the brain. In
forebrain regions the concentration of free D-ser is commonly higher then many L-
isomers. In contrast to D-asp, Hashimoto demonstrated that free D-ser remains in high
levels in the CNS from developmental stages throughout adulthood. The localization of
D-ser in CNS is consistent with a regulatory role on the N-methyl-D-aspartate receptor
(NMDAR) (Hashimoto et al., 1993a; Schell et al., 1997b).

The NMDAR is a glutamatergic ligand gated ion channel with permeability for Na*, K",

and Ca** (Hille, 2001). A functional channel is a heterodimer of NR1 and NR2 subunits.



NR3 subunits have also been identified and co-expressed with NR1 though their
physiological relevance in the CNS is not well known; NR1-NR3 channels are not
activated by glutamate (Chatterton et al., 2002; Nilsson et al., 2007; Yao et al., 2008). In
contrast to ionotropic glutamate receptor channels, a-amino-3-hydroxyl-5-methyl-4-
isoxazole-propionate receptors (AMPAR) and Kainate receptors (KAR), the NMDAR
shows greater permeability for Ca® (lino et al., 1990; Jonas, 1993). It is expressed
throughout the CNS with high levels in forebrain regions and studies demonstrate
NMDAR plays critical roles in a variety of physiological functions and disorders ranging
from cell excitability to learning and memory to necrotic and apoptotic cell death
(Wolosker, 2007). The NMDAR is known to contain at least 7 distinct binding domains
for endogenous regulators. This suggests its activity is highly controlled in the CNS.
The receptor is unique among known neurotransmitter receptors in its requirement for
coagonist activation. Simultaneous binding of L-glu and coagonist typically identified
as glycine (gly) at their distinct binding domains on the NR2 and NRI1 subunits
respectively, is required for channel activation (Wroblewski et al., 1989; Dingledine et
al., 1990).

Prior to the work of Hashimoto, the notion that D-ser can regulate the glutamatergic
NMDAR was well established. Both D-ser and D-alanine (D-ala) bind with high affinity
to the strychnine insensitive glycine site on the NR1 subunit with as much as 100-fold
more potency then their corresponding L-isomers (Kleckner and Dingledine, 1988;

McBain et al., 1989; Dingledine et al., 1990). These early studies were considered



‘nonphysiological’ responses since D-amino acids were not believed to exist in
significant levels in the CNS.

The early work by Hashimoto and the advent of sensitive chiral HPLC suggested a
physiological role for D-ser and provided a common sensitive analytical tool to
investigate D-amino acid dynamics in addition to several important L-isomers
simultaneously. Over the next couple of years, multiple studies were undertaken that
provided clues as to what physiological role D-ser might play in the CNS. Polyclonal
antibodies were initially developed for D-ser allowing for selective detection and studies
on regional localization, uptake, and release in brain tissue (Schell et al., 1995).

Dunlop and Neidle investigated the fate of L-ser in CNS and provided strong evidence
for the endogenous origin of D-ser in mammals (Dunlop and Neidle, 1997). They
utilized microdialysis for administering glucose, glycine, and *H-L-ser. In addition, they
quantified pools of free D-ser in response to administration of these metabolites. Their
results show that *H-D-ser is produced in CNS after administration of the L-isomer
providing evidence for racemization of D-ser in the CNS. In 1999, Snyder and
colleagues provided definitive proof for D-ser regulation in the CNS by isolating its
synthetic enzyme from glia cultures (Wolosker et al., 1999a; Wolosker et al., 1999b).
Serine racemase (SR) selectively catalyzes the conversion of L-ser to D-ser in the
mammalian CNS. Incubation of glial cultures with exogenous L-ser was shown to
increase production of D-ser. The enzyme is pyridoxyl phosphate dependent and in
addition to racemization activity, has been shown to catalyze a,B-elimination to form

hydroxypyruvate.



Immunohistochemistry demonstrates that SR is expressed in glia near glutamatergic
neurons (Wolosker et al., 1999a). Initially this strict localization to glia was confirmed
by staining techniques which did not stain neurons as determined by co-staining with
neuronal markers. Recently however, newer antibodies and staining techniques
demonstrate high levels of SR in neurons (Kartvelishvily et al., 2006). Purified neuron
cultures from cortex of rat and mice were shown to contain high levels of SR and these
cultures produce D-ser when L-ser is exogenously supplied. A recent study which
utilized novel serine racemase knockout mice suggests that SR is primarily expressed in
neurons in the rat CNS (Miya et al., 2008).

The regional distribution of D-ser in the CNS as determined by immunostaining and
quantitative HPLC is consistent with the notion that D-amino acid oxidase (DAAO) is
responsible for catabolism. DAAO was first identified in mammals in by Hans Krebs
(Krebs, 1935) though little significance was given to the mammalian oxidase since it
was believed that higher mammals did not utilize D-amino acids. Immunostaining
studies suggest the enzyme is expressed exclusively in glia with a regional distribution in
the CNS which is opposite to immunohistochemical staining for D-ser; increased
staining of DAAO 1n brainstem and cerebellum is consistent with low D-ser staining in
these regions (Horiike et al., 1994; Nagata et al., 1994).

Several studies have provided evidence for regulated release of D-ser in to extracellular
space from both glia and neurons. A mechanism of controlled release suggests that D-ser
dynamically regulates NMDAR function. Early work by Schell and Snyder suggested a

glutamate receptor dependent efflux of D-ser from glial cultures (Schell et al., 1995).



Immunostaining of glial cells loaded with *H-D-ser decreases when cells are incubated
with ionotropic glutamate receptor agonists kainate, AMPA, and glutamate; the effect is
blocked by co-application of selective antagonists of AMPA and Kainate receptors.
These studies were supported by Ribeiro and colleagues who demonstrated a kainate
concentration dependent increase in *H-D-ser efflux from glial cultures that was blocked
with the selective antagonist DNQX (Ribeiro et al., 2002). Mothet et al. investigated
rapid efflux of D-ser from glial cultures using a unique luminol based double enzyme
linked assay (Mothet et al., 2005). Application of 100 uM glutamate, AMPA, kainate, or
metabotropic  receptor nonselective  agonist  (1S,3R)-1-aminocyclopentane-1,3-
dicarboxylic acid (t-ACPD) for 5 s elicited rapid efflux of D-ser over a ~10s period
which was blocked by selective antagonists of the ionotropic and metabotropic
receptors. The mechanism of glu dependent release in glia was demonstrated to be Ca®"
dependent and apparently vesicular since various modifiers of calcium systematically
altered release and potent blockers of vesicular loading (vesicular H'-ATPase inhibitors)
and docking (vesicular SNARE protease tetanus neurotoxin) abolished glu receptor
dependent D-ser release in these glia cultures.

Support for compartmentalization of D-ser into vesicles comes from two separate
studies. Williams et al. investigated D-ser immunoreactivity in glial cells using a new
antibody that allows for superior co-localization studies with fixation-sensitive antigens
than previously available (Williams et al.,, 2006). They demonstrate that D-ser
immunoreactivity is punctate in glial processes rather than being uniformly distributed

throughout. They suggest that to achieve this nonuniform distribution D-ser must be



compartmentalized. They further noted that many immunoreactive glial puncta were
localized near cell walls suggesting the possibility of vesicular-like storage in glia.
Martineau et al. used confocal imaging with co-localization quantification to track
exocytotic routes of D-ser and provide morphological evidence for Ca’* and SNARE
protein-dependent D-ser release from astrocytes (Martineau et al., 2008). They reveal
that D-ser immunoreactivity in glia co-localizes with vesicular protein markers, that D-
ser loading in to vesicles occurs directly from the cytosol, and that stimulus induced
calcium elevation causes recruitment | of labeled synaptic vesicles to the plasma
membrane with a concomitant loss of D-ser immunoreactivity as it is released from the
cell. Taken together, recent studies on D-ser cytochemical localization and regulated
release provides compelling evidence that D-ser is stored in and released from glial
secretory vesicles through calcium dependent exocytosis after ionotropic glutamate
receptor activation.

Future studies will be required to determine definitively if D-ser can be released from
neurons by a similar mechanism as seen in glia. Kartvelishvily and coworkers provide
evidence that D-ser synthesized in pure cortical neuron cultures can be released by
ionotropic glutamate receptor activation (Kartvelishvily et al., 2006). Furthermore, they
demonstrate that release of D-ser is Ca”* dependent in these cultures. Despite this they
suggest that the release may not be vesicular since attempts to block release through
blockade of vesicle loading (vesicular H+-ATPase inhibitor) did not decrease evoked D-
ser release. In addition, synaptic vesicles isolated from these neuron cultures did not

take up D-ser under conditions that are optimal for L-glu uptake.



Two distinct transporters have been implicated for D-ser uptake in the CNS and while
both operate based on heteroexchange of small neutral amino acids; they are functionally
and structurally quite distinct. The alanine serine cysteine 1 (ASC-1) transporter was
identified by Fukasawa and colleagues after isolation of the cDNA from mouse brain
and shown to transport D-ser with a Ky, of 52 uM when expressed in Xenopus Oocytes.
The human isoform transports D-ser with a K, of 21 uM. ASC-1 shows up to 65%
structural homology with members of the L-amino acid transporter (LAT) family and
requires co-expression of type II membrane glycoprotein 4F2 heavy chain for activity.
The transporter is Na* independent and pH independent and operates primarily by amino
acid exchange though also to a lesser degree by facilitated diffusion. It transports small
neutral amino acids with preference for L-isomers. Particular affinity is demonstrated
for gly, L-ala, L-ser, L-cys, and L-thr, and D-ser. Helboe and colleagues developed a
polyclonal antibody against ASC-1 in mouse to determine its expression in the CNS
(Helboe et al., 2003). They found that ASC-1 is distributed throughout the CNS
including cortex, hippocampus, striatum, thalamic structures, cerebellum, and brain
stem. Ultrastructurally, ASC-1 appears to be expressed exclusively in neurons and
primarily at presynaptic terminals suggesting its functional expression may allow for D-
ser clearance from synaptic space. A similar finding at this structural level for ASC-1 in
neurons was confirmed in rat CNS using polyclonal antibodies against the rat isoform
(Matsuo et al., 2004).

A recent study utilizing synaptosomes isolated from ASC-1 gene knockout mice

suggests ASC-1 is the primary transporter of D-ser in the CNS (Rutter et al., 2007). *H-



D-ser uptake in cerebellar and forebrain synaptosomes was reduced to ~30% of wildtype
levels in knockout mice and further omission of Na* reduced this to <10% of wildtype
levels. This suggests that the Na* independent transporter ASC-1 mediates the majority
of D-ser uptake in the CNS. The remaining uptake in knockout mice synaptosomes is
primarily low affinity (approaching millimolar value) Na* dependent transport. The
alanine serine cysteine transporter 2 (ASCT-2) is a heteroexchange neutral amino acid
transporter with structural homology placing it in the excitatory amino acid transporter
(EAAT) superfamily. ASCT-2 most likely mediates low affinity Na* dependent transport
of D-ser and other small neutral amino acids in the CNS (Utsunomiya-Tate et al., 1996;
Broer et al., 2000). Ribeiro and colleages demonstrated that astrocyte rich primary
cortical cultures from rat, take-up D-ser by low affinity Na* dependent heteroexchange
(Ribeiro et al., 2002). A low affinity component of D-ser transport was verified recently
by studies investigated high affinity ASC-1 dependent D-ser transport (Rutter et al.,
2007).

In 2005, ASC-1 knockout mice were generated and behavioral phenotype was
established (Xie et al., 2005). These mice displayed tremors, ataxia, seizures, and early
postnatal death. Seizures and tremors were significantly reduced using NMDAR
antagonist MK-801 suggesting that D-ser uptake by ASC-1 may be critical for normal
physiological function. Studies are awaited on development of SR knockout mice which

would be incapable of producing endogenous D-ser.
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1.2 Sensitive analytical approaches for D-amino acid quantification

The discoveries of D-amino acids in biological samples and the physiological
significance, particularly D-ser and D-asp, have stimulated new efforts to develop
quantitative chiral selective bioanalytical techniques to measure physiological levels and
study dynamics in brain. Sensitive approaches are either enzyme-linked assays or
separation and detection based. Enzyme-linked assays can offer unique selectivity and
sensitivity without the need for sample cleanup and separation. The limitation of these
approaches is due to the fact that they are selective only as single component assays and
in addition few enzymes for D-isomers of amino acids are available. Multiple distinct
enzyme assays would be required in parallel preparations if multiple components were to

be analyzed by this approach alone.

1.2.1 Enzyme linked assays

Due to the predominance of L-amino acids in CNS, only a few select enzymes have been
identified that show D-amino acid specificity. DAAO reacts with D-ser in the presence
of molecular O; to form hydroxypyruvate and HyO,. The enzyme is not selective to D-
ser alone however, and catalyzes a-keto acids formation from many D-isomers. Despite
this, the production of H,O; by this enzyme has been used to estimate D-ser levels in
mammalian brain by several approaches which indirectly detect peroxide generation.
Enzyme assays can be adapted to study a variety of biological tissues including CNS
tissue in vivo. Recently, Pernot et al. developed a yeast D-amino acid oxidase

microbiosensor (enzyme microelectrode) that is highly selective for D-ser compared
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with L-amino acids and offers a mean response time of 2 s and detection limit of 16 nM
in vivo (Pernot et al., 2008). A platinum microelectrode is initially coated with a
membrane layer of poly-m-phenylene-diamine (PPD) that prevents oxidation of common
metabolites such as ascorbic acid, uric acid, serotonin, and dopamine by the electrode. A
layer of DAAO enzyme follows the PPD coating. When a potential is applied, free D-
ser in the vicinity of the enzyme electrode is converted to hydroxypyruvate and H,O; by
DAAO with the latter product being oxidized at an applied potential of + 500 mV verses
the Ag/AgCl reference electrode. The current recorded from oxidation is used to
determine [D-ser] based on calibration curves. The approach was used to assay D-ser in
cortex of live anesthetized rats. From a selectivity standpoint, the approach is sensitive
only to total D-amino acids. The selectivity observed for D-ser compared to other D-
isomers was primarily due to the apparent low abundance of other D-amino acids in the
CNS relative to D-ser.

DAAO enzyme linked assays have also been adapted in vitro. One approach
investigated dynamic changes in D-ser in extracellular space from glial cells in culture
by linking peroxide generation from DAAO to peroxide reduction through oxidation of
luminol catalyzed by horse radish peroxidase (HRP) (Mothet et al., 2005). In this double
enzyme linked assay, DAAO, HRP, and luminol are added to cultures and luminescence

is quantified. The assay provides detection limits approaching 40 pM for D-ser.
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1.2.2 Separation and detection of D-amino acids

The vast majority of bioanalytical approaches for chiral amino acid analysis rely on
separation and detection strategies after derivatization of the native metabolite.
Derivatization plays one or more functional roles depending on the analytical approach
including 1) increasing detection limits by introducing chromophores and/or
fluorophores for spectrophotometric detection, 2) increasing volatility of amino acids for
GC based separations, and 3) conversion of enantiomers to diastereomers. High
performance liquid chromatography (HPLC), gas chromatography (GC), and capillary
electrophoresis (CE) have all been used to analyze derivatized DL-amino acids in the
CNS and a multitude of approaches are available.

A fundamental distinction for chiral separation strategies in LC, GC, and CE is whether
the chiral resolving mechanism is direct or indirect with respect to diastereomer
formation. Direct methods for diastereomer formation are the most common approach in
chromatographic techniques and involve chemically derivatizing the enantiomers using
optically pure chiral reagents. Most commonly this reagent is linked to a fluorophore for
sensitive detection though in GC it is commonly perfluorinated to alter vapor pressure.
The derivatized pair of diastereomers can then be directly separated using standard
separation approaches. Care must be taken with respect to optical purity and reaction
kinetics since long reaction times can lead to differential rates of diastereomer
production. Indirect methods for diastereomer formation (direct chiral recognition)
involve noncovalent reversible diastereomer formation through interaction of the chiral

solute with a chiral phase. A variety of chiral columns are commercially available for
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HPLC and GC as are chiral and achiral derivatization agents. In CE the chiral selector is
most commonly added directly to the separation buffer (Weinberger, 2000).

GC was one of the first approaches for quantifying D-amino acids such as D-asp (Man et
al., 1987) and D-ser (Hashimoto et al., 1992b) in the mammalian brain. It has proven
valuable for quantitative D-isomer determinations in bulk tissue and media but is
currently not applicable to small volume samples such as microdialysates due to sample
preparation requirements. These generally include successive cumbersome steps after
deproteination including sample extraction, evaporation, and re-suspension, prior to
derivatization at high temperature (~100 °C). After derivatization samples are commonly
extracted and dried to remove residual water which interferes with GC-MS analysis. In
some éases amino acids are first isolated by cation exchange prior to these steps
(Bruckner and Hausch, 1993). Ultimately, precolumn derivatization is required to
increase volatility of amino acids. For analysis of biological samples one of the more
successful approaches is achiral derivatization with pentafluoropropionic anhydride
(PFPA) followed by chiral separation on a Chirasil L-valine ((N-2-methylpropionyl-L-
valine-t-butylamide)-methylpolysiloxane immobilized) fused silica column. Separation
is dependent on formation of multiple hydrogen bonds with the stationary phase (Gubitz
and Schmid, 2001; Schurig, 2001). Hashimoto et al. used this approach to quantify D-ser
distribution in mammalian neural tissue for the first time (Hashimoto et al., 1992b).
The approach has been used to analyze D-ser and gly levels in serum with an analysis
time of 11 min (Fuchs et al., 2008). One of the advantages of GC-MS with Chirasil L-

valine is the high peak capacity in temperature gradient mode which under optimal
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conditions allows for quantification of most DL-isomers including D-asp and D-ala in a
single analysis. Briickner and colleagues have extensively used this approach to
evaluate relative and absolute levels of 13 D-isomer in mammalian tissue homogenates,
serum, urine, and feces from a variety of species (Bruckner and Hausch, 1993; Schieber
et al., 1997; Bruckner and Schieber, 2001 ; Patzold et al., 2005).

HPLC is widely used for analysis of chiral compounds though the technique has several
limitations in this respect when applied to biological samples. Sample throughput is
often limiting in chiral HPLC of amino acids since retention times for most typical
bioanalytical methods are generally > 20 min and most enantioselective analysis times
range from 20-70 min. Separation efficiency is less then GC and CE (Dong, 2006).
Chiral HPLC columns are expensive and their selection and subsequent appropriate
method development may not be straight forward. In addition, sample volumes are
typically quite large (5-50 pL), which can limit the nature of the tissue samples being
analyzed for trace metabolites. This becomes especially important with in vivo
microdialysis studies (Benveniste et al., 1984), and especially where low volume
sampling probes can collect extracellular neurotransmitters in a near-real time (Lada et
al., 1997). Temporal resolution of neurochemical events such as stimulated increases or
decreases of neurotransmitters is limited by the volume of sample that must be pooled
for a given LC analysis. Typically microdialysis flow rates range from 0.5 to 3.0 pL/min
for analysis of amino acid neurotransmitters, thus anywhere from 5-20 minutes may be
required for each fraction analyzed by most HPLC approaches. Nonetheless, HPLC

techniques are widely utilized for the separation of D-ser and other amino acid
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neurochemicals both in vitro and in vivo. Most HPLC methods offer excellent precision
and accuracy.

One of the first sensitive HPLC methods identifying D-ser in CNS was developed by
Hashimoto et al. for D-ser, D-asp, and D-ala quantification in neural tissue and cerebral
spinal fluid (Hashimoto et al., 1992a). Analysis time was optimized at 29 min for D-ser
and ~75 min to quantify 18 amino acids (excluding column re-equilibration time).
Derivatization using ortho-phthalaldehyde (OPA) and the chiral thiol N-tert-
butyloxycarbonyl-L-cysteine (BOC-L-cys) in combination with gradient elution allowed
for fluorescence detection of the isoindole diastereomer products with excitation at 344
nm and emission 443 nm. Detection limits for the assay were in the low picomolar
range per injection (~25 nM free amino acid LOD calculated based on reported injection
and calibration curves). Due to the diastereomeric products formed in the derivatization
step, the use of standard octadecyl silane (C-18) reversed phase column is sufficient for
separation. This initial approach is still widely used for analysis of D-ser, D-asp and/or
D-ala along with several L-amino acids without significant alterations (Dunlop and
Neidle, 1997; Takahashi et al., 1997; Morikawa et al., 2001; De Miranda et al., 2002;
Shleper et al., 2005; Panizzutti et al., 2006) despite criticism of the stability of the OPA
derivative (Jacobs et al., 1986) as well as a prerequisite in some assays to ‘prove’ the D-
ser peak by DAAOQ catabolism for each analysis. This latter prerequisite was required in
cell culture assays where the D-ser OPA derivative partiélly overlapped a preceding

major metabolite (Shleper et al., 2005).
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Alternative chiral thiols have been used with OPA to alter selectivity and stability of the
isoindole DL-amino acid derivatives (Lo et al., 1998; Grant et al., 2006). Selectivity
éppears to be the primary concern with assays being developed to allow D-ser
quantification in neural samples in conjunction with major metabolites including L-glu,
L-asp, L-ser, gly, taurine, and phosphoethanolamine.

Several studies utilize achiral fluorescent labeling reagents in conjunction with chiral
bonded HPLC columns. Following deproteination of serum and brain tissue
homogenates, sensitive determination of D-ala, D-lys, and D-ser was obtained by HPLC
with precolumn fluorescent labeling using 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-
F) with excitation at 470 nm and emission at 530 nm and a Sumichiral OA-2500 column
(Fukushima et al., 1995). The separation was successful for baseline resolving DL-
isomers though in several cases the isomers partially overlapped unknown components
when studied in serum and brain tissue. The achiral NBD-F labeling reagent displays
superior stability compared to OPA, requires elevated temperature and longer reaction
time compared with OPA, and offers sufficient quantum yields for fluorescence
detection of biological samples.

Naphthalene-2,3-dicarboxaldehye (NDA) was developed as an alternative reagent to
OPA which offers higher quantum yields and better stability for primary amine
derivatization (De Montigny et al., 1987). The reagent was recently reviewed (Rammouz
et al., 2007) but significant progress in chiral amino acid bioanalytical methods
development by HPLC is lacking. Duchateau et al. investigated enantioseparation of DL-

amino acids by HPLC using B-cyclodextrin bonded stationary phases (Duchateau et al.,
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1992). Ammonium nitrate/methanol mobile phase compositions were studied and a
dramatic effect of pH and buffer concentration on retention times was noted. The
method was capable of separating several neutral NDA derivatized DL-amino acids but
was not studied for enantioseparations in biological samples.

A column switching HPLC approach has been valuable for determining trace DL-amino
acid levels in the CNS and was recently reviewed in part (Hamase, 2007). Column
switching HPLC with fluorescence detection using a variety of individualized protocols
has been successful for the quantification of trace D-isomers of amino acids in neural
tissue, plasma, and urine. Levels of DL-ser (Fukushima et al., 2004), DL-asp (Long et
al., 2001), DL-ala (Morikawa et al., 2003; Morikawa et al., 2008), DL-leu (Inoue et al.,
2000; Hamase et al., 2001), DL-val (Hamase et al., 2007), DL-isoleucine (Hamase et al.,
2007), DL-pro (Hamase et al., 2001; Hamase et al., 2006; Tojo et al., 2008), and DL-thr
and D-allo-thr (Zhao et al.,, 2004) have been determined in biological samples.
Generally, precolumn derivatization with NBD-F or an alternative fluorescent reagent
that produces stable derivatives is followed by reversed phase HPLC on C-18 column
and fractionation of the respective mixed DL-isomer band of interest. The enantiomer
ratio of the fractionated band is then determined subsequently by timed online post-
column switching with separation and detection using a chiral bonded column and
fluorescence detector. The first separation step with achiral RP-HPLC is capable of
baseline resolving a large number of amino acids which can be valuable for biological
studies if certain amino acids are known to exist overwhelmingly in one form. The

chiral component of interest can then be determined through online column coupling and
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detection. When micro-RP-HPLC is used for the first separation step, optimal sensitivity
can be obtained for the fractionated band (Hamase, 2007). Major limitation relates to
the cost of operating the system which requires two fluorescent detectors and multiple
LC columns as well as analysis times which generally exceed 50 min per sample. The
system is capable of quantifying one chiral pair at a time.

Song and colleagues recently developed a micro-HPLC approach with electrospray
ionization tandem mass spectrometry (ESI-MS/MS) to analyze DL-ser, DL-glu, and DL-
asp in neural tissue from Aplysia ganglia (Song et al., 2006; Song et al., 2007) and rat
(Song et al., 2006; Song et al., 2008). Detection was by selective reaction monitoring
(SRM) for the precursor-to-product ion transitions for NBD-labeled amino acids. A
quadrupole linear ion trap (Q-trap) MS operated in positive ion mode was used for
detection. This was the first approach for sensitive D-amino acid analysis in biological
samples by tandem MS techniques. Precolumn derivatization with NBD-F followed by
sample enrichment by stacking on a C-18 extraction microcolumn was required prior to
separation for optimal sensitivity. Samples were loaded directly by switching valve
from the extraction column to a micro-HPLC column consisting of chiral antibiotic
(Teicoplanin aglycon) bonded stationary phase. The use of tandem MS with SRM
allowed for elimination of chromatographic interferences and the application of co-
eluting *H-labeled DL-amino acid isotopes as internal standards. Detection limits for D-
isomers were ~100 ng/mL by this approach. Taking into account the microextraction
step, an injection cycle time of ~50 min was optimized for the separation. The technique

was used to investigate differences in DL-asp, DL-glu, and DL-ser levels in total brain
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extracts from rats as well as regional variations in these D-amino acids in Aplysia
ganglia neural processes.

Berna et al. recently developed a rapid and sensitive HPLC-ESI-MS/MS approach for
DL-ser quantification in microdialysates after chiral derivatization using fluoro-
dinitrophenyl-L-alanine amide (DNPA-F, “Marfey’s reagent”) and diastereomer
separation using RP-HPLC (Berna and Ackermann, 2007). An injection cycle time of
3.5 min is reported. The approach utilized a Q-trap in negative ion mode for detection
and a 2.1 mm L.D. C-18 column for separation. The offline derivatization step was
carried out in microplate format and followed by evaporation of the medium to dryness
and resuspension of the residue in separation buffer. Quantification was carried out by
MS/MS in SRM mode with a reported 10.3 ng/mL LOD. The approach was recently
adapted to triple quadrupole by Fuchs and colleagues in negative ion spray mode and
selective ion monitoring (SIM) and included quantification of glycine in addition to DL-
ser (Fuchs et al., 2008).

High Performance Capillary Electrophoresis (HPCE) coupled with laser induced
fluorescence detection (CE-LIF) has been established as an efficient approach for D-
amino acid analysis in biological samples. Chiral CE-LIF has many advantages over GC
and LC approaches and can provide high sensitivity for amino acid analysis in biological
samples. Like HPLC and GC, CE is capable of monitoring multiple components which
is often of significant value in biological studies. The technique is cheap to maintain,
requiring small quantities (<60mM) of chiral selector dissolved in small volumes of

aqueous background electrolyte (BGE). Chiral method development is, in principle,
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much simpler than HPLC since chiral selectors and various other pseudostationary
phases can be easily adjusted. Chiral recognition by various CE approaches has recently
been reviewed (Gubitz and Schmid, 2008). CE-LIF is especially suited for
neurochemical studies where small sample volumes (nL-pl) are often encountered.
Typical CE injection volumes are in the nanoliter range and attomole detection limits
can be readily achieved with appropriate LIF detection. LIF requires derivatization of
amino acids and several chiral and achiral reagents that have been developed for HPLC
approaches are directly applicable to CE-LIF. Bioanalytical chiral CE-LIF approaches
generally use either micellar electrokinetic chromatography (MEKC) as a separation
mode or chiral capillary electrokinetic chromatography (cEKC).

Chiral amino acid separations by CE-LIF has been extensively studied and recently
reviewed (ladarola et al., 2008) in part. Many chiral techniques were not optimized for
biological samples initially by their investigators. These include chiral separations of
amino acids derivatized with OPA (Tivesten and Folestad, 1995, 1997; Yang et al,,
2001), NDA (Ueda et al., 1991; DeSilva and Kuwana, 1997), 5-dimethylamino-
naphthalene-1-sulphonyl chloride (DNS) (Gozel et al., 1987; Yang and Yuan, 1999),
fluorescein isothiocyanate (FITC) (Jin et al., 1999; Lu and Chen, 2002), and the achiral
reagents such as (+)- and (-)-1-(9-anthryl)-2-propyl chloroformate (APOC) (Thorsen et
al., 1997). Several of these methdds laid the groundwork for later application to real
samples.

OPA derivatization which continues to be popular for HPLC has been adapted for CE-

LIF chiral analysis of D-ser. Thompson and colleagues developed a rapid CE-LIF
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approach to quantify OPA/B-merdaptoethanol derivatized DL-asp in brain homogenates
from rats using online microdialysis CE-LIF (Thompson et al., 1999). Separation was
accomplished using CD-cEKC at pH 10 with 7.5 mM B-CD as chiral selector. A
separation time of ~3 s was reported. The microdialysis probe was inserted directly into
a 50 pL sample of rat brain homogenate diluted 3-fold. Despite a microdialysis probe
recovery for D-asp of only 20 %, the reported detection limit for the online microdialysis
CE-LIF assay was 905 nM. O’Brien et al. developed a CE-LIF approach to analyze
OPA B-mercaptoethanol derivatized D-ser in salamander retina (O'Brien et al., 2003).
Chiral recognition was achieved using hydroxypropyl-y-cyclodextrin (HP-y-CD)
dissolved in a high pH BGE. Separation time using an online microdialysis CE-LIF
approach was 9 s with a theoretical plate count per meter of 400,000. A variety of amino
acids including DL-asp, L-glu, L-ser, GABA, and taurine could be analyzed in addition
to D-ser. The approach was used to characterize D-ser in salamander retina (O'Brien et
al., 2003; O'Brien et al., 2004), cortical brain slice (O'Brien and Bowser, 2006), and rat
striatum in vivo (Ciriacks and Bowser, 2006).

Tsunoda and colleagues developed the first method of DL-amino acid bioanalysis by
CE-LIF with precapillary derivatization using the reagent NBD-F (Tsunoda et al., 1999).
Enantioseparation was achieved under slightly acidic conditions (pH 4) using trimethyl-
B-cyclodextrin (TM-B-CD) as a chiral selector. DL-asp levels were investigated in
pineal glands of rats to demonstrate application of the approach. This appears to be the
first application of capillary electrophoresis for the analysis of D-amino acids in

mammals. Zhao and colleagues utilized CE-LIF with NBD-F derivatization to analyze
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D-ser in rat cerebrum tissue homogenates after protein precipitation (Zhao et al., 2005b).
Chiral separation was achieved at high pH with HP-B-CD as chiral selector. The method
clearly separated DL-ser without interferences in 40 min. They suggested that decreasing
capillary length and diameter could significantly increase sample throughput. Around
the same time O’Brien et al. developed a faster approach than Zhao with similar
derivatization and identical BGE components though with slight differences in
concentrations of the components in the BGE (O'Brien et al., 2005). In addition,
capillary length was reduced 43 % resulting in a voltage gain from 214 V/cm to 357
V/em (~40%). This allowed for analysis of D-ser, L-glu, GABA, and gly in retinal
perfusion media with a run time of 14 min. Furthermore, the approach was recently
adapted for online microdialysis CE-LIF of D-ser (Klinker and Bowser, 2007). The final
BGE was similar to Zhao with slight increase in pH (0.5 units) and decrease
concentration of HP-B-CD (2-fold). Using online microdialysis CE-LIF, excellent
resolving power was demonstrated by analyzing 16 amino acid derivatives including
important neurochemicals L-glu, GABA, gly, D-ser, and taurine in 21.5 seconds. The
approach was used to investigate DL-isomer changes in vivo after local K" infusion in rat
striatum by microdialysis.

Thorsen et al. used achiral APOC derivatization and found D-ala, D-asp, and D-gln in
CSF and D-glu in urine (Thorsen and Bergquist, 2000). This was the first micellar
electrokinetic chromatography (MEKC) method for analysis of D-amino acids in

mammals.
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Precapillary derivatization with 3-(4-carboxybenzoyl)-2-quinoline-carboxaldehyde
(CBQCA) in conjunction with chiral CD-MEKC using B-CD allowed for the separation
of D-asp and D-ser along with 15 additional amino acids commonly found in CSF
(Thongkhao-On et al., 2004). Quantification of D-ser along with 11 L-amino acids in rat
brain vitreous perfusates was demonstrated with a run time of 10 min. Detection limits
were 0.21 pM and 0.38 uM for D-ser and D-asp, respectively.

Zhao and colleagues quantified free D-ala in human plasma using FITC labeling and
CD-MEKC with 18 mM B-CD as chiral selector (Zhao et al., 2006). Detection was by
optical fiber light-emitting diode-induced fluorescence. D-ala detection limit was ~8 nM
with a separation time of <9 min.

NDA has been extensively studied for analysis of DL-amino acids in biological fluids by
CE-LIF using high pH BGEs. Zhao and colleagues used precapillary derivatization with
NDA and CD-MEKC with methanol additive to analyze free DL-asp in rat brain
homogenates at different ages of CNS development (Zhao et al., 2001). A similar
approach without methanol was used for the analysis of DL-asp, DL-phe, DL-leu
concentration and distribution in single cells of Aplysia californica, a sea mollusk
commonly used in model neuronal studies (Zhao and LifuYm, 2001). The presence of
DL-trp in human urine, CSF, rat brain homogenates, and Aplysia ganglia neurons was
investigated using CD-MEKC with HP-y-CD in the BGE at pH 9 (Zhao and Liu, 2001).
Quan and Liu analyzed DL-glu derivatized with NDA in rat brain, ganglia, and single
neurons of Aplysia californica with a detection limit of 0.54 pM (Quan and Liu, 2003).

The approach used CD-MEKC with B-CD and methanol (25%) for baseline separation
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of DL-glu in ~42 min. Altering selectivity by removing micelles and using saccharide
enhanced dual chiral selection with HP-y-CD and D-(+)-glucose allowed for separation
and quantification of D-ser in rat brain homogenates, microdialysates, and Aplysia
californica neuronal processes (Quan et al., 2005). D-ser analysis was optimized with a
run time of ~30 min and detection limit of 100 nM in this study. Zhao et al. analyzed D-
ser labeled with NDA in homogenates of Aplysia ganglia using dual chiral selector CD-
MEKC with sodium taurocholate and B-CD (Zhao et al., 2005a). A 30 nM detection
limit was reported with a run time of ~30 min for D-ser. Miao et al. developed NDA
derivatization of chiral amino acids with CD-MEKC using 15% methanol and 20 mM -
CD for analysis of D-asp in neural samples (Miao et al.,, 2005). Analysis time was
optimized at 30 min. They investigated D-asp in neuronal processes from individual
neurons. The approach was further used to investigate D-asp synthesis and distribution
in specific neuronal clusters of Aplysia californica (Miao et al., 2006). Within some
neuronal clusters of this Californian sea slug as much as 85% of the total asp levels were

determined to be in the D-isomer form.

1.3 Cyclodextrins in electrokinetic chromatography

Cyclodextrins (CDs) are a family of naturally occurring macrocyclic oligosaccharide
rings composed of D-glucose subunits connected by a-1,4-glycosidic linkages. The three
most common cyclodextrins consist of 6, 7, and 8 glucose subunits and are designated a,

B, and y-CD. A top view of the CD structures is given in Figure 1.1.
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Figure 1.1. Top view chemical structure of a-, -, and y-CD. A top view of the CDs
shows the linkage of a-D-glucose subunits combined to form macrocyclic rings. Shown
from left to right are a-, -, and y-CD.

The result is a macrocyclic ring of toroidal shape (or truncated conical cylinder). The
upper rim of the truncated cone (commonly referred to as CD torus) is defined by the
secondary hydroxyls of the glucose units, while the lower rim contains primary

hydroxyls. A side view depiction of a CD showing the toroidal structure is given in

Figure 1.2.
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Figure 1.2. Side view of cyclodextrin structure illustrating toroidal shape. The
orientation of 1,4-glycosidic linked a-D-glucose units are such that primary and
secondary hydroxyls extend out away from CD torus at the upper (secondary) and lower
(primary) torus rims.

The numerous hydroxyl groups on the native CDs periphery (18, 21, 24 for a, 8, and y-
CD respectively) give the exterior of the CD hydrophilic characteristics. They are also
the site for synthetic modification. In contrast to the polar exterior, the cavity (or
annulus) of CD is considered moderately hydrophobic, due to a high electron density
resulting from nonbonding m-electrons of the glycoside linkages and the also from the

hydrophobic backbone of the glucose units (Easton and Lincoln, 1999). The number of

glucose subunits will determine the internal cavity volume. The combination of
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hydrophilic exterior and hydrophobic chiral interior gives rise to unique and useful host-
guest complexation ability. An illustration of host guest complex formation through

interaction in solution between hydrophobic guest and CD is shown in Figure 1.3.

Secondary
Face

Primary
face

O CH,OH
(bror)

Hydrophillic Exterior Inclusion Complex

Hydrophobic Chiral Environment

Figure 1.3. Illustration of CD host:guest inclusion complex formation. The diagram
illustrates the equilibrium where a hydrophobic derivatized amino acid, NDA labeled D-
ser, forms an inclusion complex in solution with the cyclodextrin (B-CD) through
interaction with the hydrophobic cavity.

Cyclodextrins are the most widely utilized chemicals that form host-guest inclusion
complexes (Weinberger, 2000). Complex formation is the basis for application in
analytical chemistry where CDs find extensive use as chiral selectors. They offer the
broadest selectivity of any chiral selector in analytical chromatographic and
electrophoretic separations (Juvancz et al., 2008).

The analytical separation of enantiomers is of primary importance in pharmaceutical and
biochemical research. Direct chiral separation (indirect diastereomer formation) is
achieved when a pair of enantiomers exhibit differential rates of adsorption

(chromatography) or partitioning (capillary electrophoresis) with a chiral phase as they

migrate through a column. CDs bonded on stationary phases act as chiral selectors in
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GC, LC, and capillary electrochromatography (CEC) to alter enantiomer adsorption rates
through differential chiral interactions with the solute species. Alternatively, CDs can be
dissolved in solution and through partitioning of chiral solute into the chiral cavity from
the bulk phase, differentially alter migration (CE) or retention (LC with CD in mobile
phase) of enantiomers. In this latter case, the effective physiochemical properties
(lipophilicity, effective mass/size, charge) of each enantiomer is altered as it interacts in
the column.

CE is a powerful analytical tool originally used primarily for the separation of charged
analytes. When coupled with the use of chiral reagents such as cyclodextrins, this
technique is especially useful for enantiomeric separations. CE is based on the
migration of charged analytes in solution through a small diameter liquid filled capillary
(typically < 0.1 mm) under the influence of an electric field (typically 5-30 kV). The
size of the analyte and its charge are principle factors influencing migration. With an
appropriate buffer, voltage, capillary, etc., high separation efficiencies can be realized
(up to several hundred thousand theoretical plates/meter is common). A schematic
illustrating the basic principle of capillary electrophoresis separation and detection is

shown in Figure 1.4.
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Figure 1.4. Hllustration of a typical capillary electrophoresis instrument with separation
mechanism for ionic analyte. A small diameter (< 0.1 mM) buffer filled capillary is
immersed at either end in buffer reservoirs containing high voltage leads of opposite
polarity. After injection of ionic analytes, an electric field is generated by a high voltage
power supply and ionic species migrate based on their intrinsic ionic electrophoretic
mobilites, p;. with constant electrophoretic velocity, v, proportional to the strength of
the electric field, E, or v,; = piE. For the illustration shown above, cationic species
display net mobility toward the cathode and are separated according to their size/charge
ratios and detected in-capillary by spectrophotometric techniques. Note that the pH
dependent electrophoretic pumping mechanism, electroosmotic flow (EOF), is not
included in this simple illustration. A comprehensive mathematical treatment of mobility
parameters is described elsewhere (Khaledi, 1998).

One of several distinct advantages of CE over many chiral chromatography techniques is
the simplicity with which the separation is carried out. Chiral secondary equilibria can
be achieved simply by dissolving a chiral solute such as a CD at an appropriate
concentration in an appropriate separation buffer. If a given CD proves insufficient in

providing chiral resolution then a multitude of native and derivatized CDs are

commercially available that can potentially alter selectivity.
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Cyclodextrins are the most widely used chiral selectors in CE and a variety of strategies
can be employed for bioanalytical analysis of amino acids as referenced in Section 1.1.
Regardless of which strategy is used, the addition of CDs to electrophoretic buffers
results in a separation mode termed cyclodextrin capillary electrokinetic chromatography
(CD-cEKC) (Chankvetadze, 2007). In a recent 2008 CD literature review covering the
past 8 years, it was estimated that as much as 50% of all cyclodextrin related analytical
studies were carried out using CD-cEKC with CDs containing charged functional groups
(Juvancz et al., 2008). Interestingly, these CDs are the least studied for DL-amino acid
analysis in biological matrices though they are the focus of this dissertation research.
The most common CE-LIF approaches in bioanalytical analysis of fluorescently labeled
amino acids as referenced in section 1.1 are illustrated mechanistically in Figure 1.5

below.
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Figure 1.5. Illustration of CE modes of chiral recognition of fluorescently labeled amino
acids published in bioanalytical methods. These modes represent methods applied for
chiral analysis of biological samples. Alternative modes not applied to biological
samples are omitted here. Note that species A represents all analytes including
enantiomers. The most common CE-LIF approaches are represented in (A) and (B). (A)
CD-MEKC at high pH with neutral CDs. EOF drives A towards detector despite
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opposing mobility to EOF for both A and micelle. The CD is added to induce secondary
equilibria and allow for chiral separation of A. The micelle provides additional
hydrophobic interaction and mobilizes charged and neutral analytes increasing
separation window. (B) CD-cEKC at high pH. Chiral separation is based on inclusion
complex formation with CD and is applicable only to charged A species as uncharged A
will coelute at peor. Separation depends on p; for each A species. (C) CD-cEKC at low
pH. Separation is same as high pH but with reduced EOF and pH approaching pK; of
acidic species A.

MEKC is a powerful separation approach which has been extensively used for analysis
of small biomolecules and particularly derivatized amino acids (Figure 1.5A). The
application to amino acid analysis was recently reviewed (ladarola et al., 2008) in part.
The technique operates at high pH in normal polarity mode (cathode at outlet) where
strong electroosmotic flow (EOF) is directed toward the cathode. Anionic micelles and
anionic solutes migrate toward the anode (inlet) based on their electrophoretic mobility,
Wi, but EOF results in bulk flow of micelles and solutes toward the detector. The interior
of the micelle is lipophilic which results in partitioning of hydrophobic solute between
the bulk solution and the micelle. One advantage of MEKC compared with zone
electrophoresis is the ability to differentiate closely related species (such as fluorescently
labeled amino acids) based on minute lipophilic differences. Furthermore, the mode is
amenable to charged and neutral solutes. Neutral native and derivatized CDs can easily
be added as a second pseudostationary phase for chiral resolution (CD-MEKC). In this
case, the partitioning of solute into the chiral cavity of the CD is in competition with
partitioning into the micelle. Typically the ratio of the micellar agent to CD can

dramatically influence separation and is finely tuned for a given analysis. Sodium

dodecy! sulfate (SDS) is the most common ionic micellar agent used in conjunction with
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CDs though chiral bile salts such as sodium deoxycholate also find use in bioanalytical
DL-amino acid analysis (Zhao et al., 2005a).

CD-cEKC at high pH (>8) with neutral CDs is also a popular approach for the analysis
of amino acids in biological samples (Figure 1.5B). In CD-cEKC migration times for a
given set of solutes, capillary, buffer, and voltage conditions will always be less than the
identical separation using CD-MEKC. The exception is the use of multiply charged CDs
in high pH CD-cEKC which has not been used for bioanalytical approaches of amino
acids. Derivatized amino acids migrate based on unique electrophoretic mobility for
each analyte. Chiral resolution is achieved through differential partitioning into the CD
cavity. Strong EOF opposing anionic analyte migration results in bulk mobility toward
the detector. A variety of native and neutral CDs have been utilized for high pH cEKC.
When the pH of the BGE approaches the pK, of the charged solute, enantioresolution
can often be obtained (Weinberger, 2000). Low pH CD-cEKC (Figure 1.5C) with
neutral CDs is not well studied for chiral amino acid analysis in biological samples.
Low pH would be required to approach the pK, region of several derivatized amino
acids, either the a-COOH and/or the terminal -COOH (aspartate and glutamate). One
study by Tsunoda et al. investigated NBD-DL-asp enantioseparation in biological
samples in the pH range of 2.5-4.7 (Tsunoda et al., 1999). A variety of native and
derivatized neutral CDs were tested. Separation was achieved with neutral trimethyl-f-
CD at pH 4.0 and the approach was applied to study D-asp in CNS. This is the only low
pH normal polarity (cathode at outlet) approach that has been applied to DL-amino acids

in biological samples.
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An alternative to the modes described above is the use of anionic cyclodextrins at low
pH (minimal EOF) under reversed polarity (RP, anode at detector) to sweep neutral and

weakly ionic species towards the detector as represented in Figure 1.6 below.

CD-cEKC at pH < 3 with anionic CDs, Reverse Polarity
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Figure 1.6. Illustration of reversed polarity CD-cEKC with anionic CDs. The anionic
CDs possess strong p; towards the anode which exceeds that of pgor. Significant
inclusion complex formation results in sweeping of ionic and neutral A toward the
detector. While weakly acidic analytes approach their pK, in this pH range, cationic
analytes are capable of forming additional interactions (electrostatic).

With this approach an anionic CD would migrate toward the detector while the
derivatized amino acids (protonated carboxylic acid at low pH, derivatized on amine)
will be swept toward the detector based upon the strength of their interaction with the
cyclodextrin as well as any inherent electrophoretic mobility of the weakly acidic
analyte. Cationic amino acids derivatives such as those produced from lys, his, and arg
may additionally exhibit electrostatic interactions with anionic CDs.

This approach is referred to as RP-CD-cEKC and, as of the writing of this dissertation,

only Piehl and coworkers have used it for fluorescently labeled amino acids (Piehl et al.,
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2004). With microchip electrophoresis and fluorescence detection, they achieved
subsecond chiral separations of dansylated amino acids (DNS-AA) by utilizing highly
sulfated y-CD at pH 2.5. They did not report on the separation of DNS-ser nor was the

approach applied to biological samples or complex multicomponent mixtures.

1.4 Summary of research aims

The focus of this dissertation was to demonstrate for the first time the capabilities of
anionic CDs in cEKC bioanalysis of amino acids and take advantage of sensitive
bioanalytical approaches with these chiral selectors for quantifying D-amino acids in the
CNS. Selective separation and sensitive detection of D-ser, the dominant coagonist of
the NMDAR, in CNS samples, was a central focus of this work. This research
represents the first application of an ionic CD for bioanalysis of a chiral amino acid.
Because of this there is particular emphasis placed on developing an understanding of
the advantages and disadvantages of using this type of chiral selector in cEKC
bioanalysis. Studies over the past few years stress the importance of single isomer CDs
for robust chiral separations; this thesis research also focuses on design and synthesis of
a new family of single isomer selectively modified sulfoalkyl anionic CDs and
investigations on their application for D-amino acid analysis. Sensitive separation and
quantification is only one aspect of bioanalytical chemistry. This dissertation
additionally includes the development of a novel microperfusion brain slice chamber for
rapid sampling of neurochemical efflux dynamics including D-ser and L-glu from single

acute hippocampus slices. Studies with this approach coupled to anionic CD based
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chiral separations are carried out for investigating timing and magnitude of D-ser and L-

glu efflux in response to modeled cerebral ischemia.
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Chapter 2

Development and application of S-B-CD cEKC for D-ser and L-glu

analysis in microdialysates

2.1 Overview of study

Research in amino acid neurochemistry reveals that D-ser is an important
neuromodulator responsible for coagonist regulation of the glutamatergic NMDA
receptor. Therefore the ability to monitor D-ser and L-glu dynamics simultaneously is an
important attribute in a bioanalytical technique used to study NMDA receptor function.
Sensitive amino acid analysis requires derivatization. Naphthalene-2,3-
dicarboxaldehyde (NDA) is an efficient fluorogenic reagent for amino acids which reacts
with primary amines in the presence of sodium cyanide in a condensation reaction to
form fluorescent cyanobenz(f)isoindole (CBI) derivatives, according the reaction scheme

and proposed mechanism given in Figure 2.1.
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Figure 2.1. Reaction scheme for fluorescent labeling of amino acids with NDA. NDA
reacts with primary amines in the presence of cyanide to form highly fluorescent
cyanobenz|[flisoindoles. The possible key intermediates in mechanism for condensation
of NDA and a-amino is also illustrated. Mechanism is adapted and modified from the
scheme proposed by De Montigny et al. for key intermediates in the analogous OPA
reaction (De Montigny et al., 1987).

Few CE-LIF approaches have been successful resolving CBI-DL-ser. There are currently
no reports for the development of a bioanalytical method utilizing anionic sulfated
cyclodextrins for quantification of fluorescently labeled amino acids in complex
biological matrices. This is perhaps surprising considering this class of chiral selectors
is considered one of the more powerful resolving agents available in CE.

This dissertation research describes the development of the first bioanalytical method
utilizing anionic cyclodextrins for sensitive chiral analysis of amino acids in a biological

matrix. We (Kirschner et al., 2007) utilized commercially available S-B-CD in reversed

polarity CD-cEKC for the quantification of D-ser, L-glu, and L-asp in microdialysates
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obtained from hippocampus of arctic ground squirrel. The chiral separation was
optimized for CBI-DL-ser and then applied to other CBI-amino acids. Baseline
resolution of 13 CBI-amino acids was achieved using a single buffer formulation. We
demonstrate an important dependence of chiral separation on buffer pH. At 2 wt % S-p-
CD, CBI-ser enantiomers are baseline-resolved at pH 2.00 but no resolution is obtained
at pH 3.00. Furthermore, we demonstrate that dilute solutions of CBI-amino acids can be
stacked by hydrodynamic injection with a 100-fold improvement in signal-to-noise ratio

without loss of chiral resolution. The mechanism proposed for stacking is described.

2.2 Methods

2.2.1. Chemicals and reagents.

All chemicals were analytical reagent grade unless otherwise stated. NDA and sodium
cyanide were purchased from Sigma-Aldrich. All amino acids were purchased from
Aldrich Chemical Company unless otherwise noted. Water was prepared from a
Millipore Milli Q ultrapure water purification system with 18 MQ-cm resistivity.
Sulfated-B-CD was purchased from Fluka (Lot # 1148973, reported as 7-11 moles per
mol B-CD). Phosphoric acid and sodium monohydrogen phosphate were obtained from
Fisher Scientific. Background electrolytes (BGEs) typically consisted of 25 mM
phosphate adjusted to a desired pH by mixing equal concentrations of aqueous 25 mM

sodium monophosphate and 25 mM phosphoric acid solutions.
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2.2.2. Capillary electrophoresis apparatus.

The capillary electrophoresis instrument was in-house built using an Olympus BH2
microscope (Olympus, Center Valley, PA, USA). A high-voltage power supply (0-30
kV, Spellman CZE 1000R) was used to drive the electrophoresis. The bare silica
capillary (Polymicro Technologies Inc., Phoenix, AZ, USA) was focused with an oil
immersion 100x 1.3 na, 0.17 working distance Olympus UVFL fluorite microscope
objective. A 420-nm blue diode laser (Power Technology Inc., Little Rock, AR, USA),
adjusted to 5 mW power, was used for excitation. The laser beam passed initially
through a D425, 40x bandpass exciter filter (Chroma Technologies Corp., Rockingham,
VT, USA) followed by reflection of 90° by a dichroic filter (460DCLP, Chroma
Technologies) prior to focusing on the capillary. Fluorescent emission passed back
through the dichroic filter and then through a bandpass emission filter (D490/40m) to a
photomultiplier tube (PMT) (R1527, Hamamatsu Photonics, Hamamatsu City, Shizuoka,
JAP) housed in a Photon Technology Instrument DB104 photometer. The analog signal
was converted to digital signal, stored, and processed using LabView software (National
Instruments Corp., Austin, TX, USA). The signal was collected at 200 Hz and signal
averaged to 20 Hz. Injection was accomplished by computer-controlled application of
vacuum at the outlet side of the capillary for a specified time. Applied vacuum injection
ranged from 300-400 Torr as measured with Baratron® Type 221AD pressure transducer
(MKS Instruments Inc., Andover, MA, USA). PeakFit® software (SeaSolve Software
Inc., Framingham, MA, USA) was used to fit the peaks to a Gaussian line shape to

determine resolution values, R;, and noise levels to the 95% confidence interval.
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Furthermore, Peakfit® was valuable for determining the separation efficiency of an
analyte for a given electrophoretic condition. The efficiency of a separation is an
indication of the sharpness of the peaks relative to the separation time; an efficient
separation produces sharp peaks in a short amount of time. Separation efficiency is
defined as the number of theoretical plates or plate number (N) for a given
electrophoretic condition. The number of theoretical plates can be calculated as the
square of the ratio of migration time (tyn) divided by the standard deviation (o) of the
peak (Dong, 2006). For Gaussian peaks, width at base (wy) is approximately 4o, so

N=16(tm/Wp)".

2.2.3. Derivatization procedure for separation and stacking studies.

CBI-amino acids were prepared for separation and stacking studies by reacting equal
volumes of amino acid (1 mM), NDA (1 mM in methanol), and NaCN (1 mM in 60 mM
borate buffer, pH 9.3) and allowed to react for a minimum of 15 min. CBI-amino acids
were diluted to 10 uM with water. The use of equal molar quantities of amino acid,
NDA, and NaCN were used to minimize NDA side products for the separation and
stacking studies. For derivatization of microdialysates and standards for calibration
curves, see below. CBI-amino acids absorb strongly in the visible region at 405, 422,
and 442 nm with a broad emission band at 490-530 nm. The absorption and emission

spectra of CBI-tyrosine in water is shown in Figure 2.2.
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Figure 2.2. Absorbance and emission spectrum of CBI-tyr in water. Absorbance
spectrum is shown in blue (360-480 nm) and emission spectrum in red (430-600 nm) for
a 10 pM solution of CBI-tyr. The characteristic absorbance wavelength, Aaps, of 405,
420, 442 nm demonstrate that the 420 nm blue diode laser maximally excites CBI-tyr.
The emission spectrum scanned after excitation at 420 nm demonstrates that maximum
emission is collected at 490 nm corresponding to the selected bandpass filter for the
above described CE instrumentation. Absorption/fluorescence instrumentation: Perkin
Elmer LS-50B Spectrofluorimeter with 4-sided l-cm quartz cuvettes. Sample was
prepared according to Section 2.23.

2.2.4. Capillary electrophoresis and enantioseparation studies.
All electrophoresis experiments were operated with reverse polarity (anode at detector).

For separation studies, the capillary was bare fused-silica of dimensions 70 x 45.0 cm x

25 um. Injection was accomplished by vacuum injection at the detector end. Typical
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currents ranged from 20 to 60 xA. Typical injection times were 1 s, but ranged from 2 to
180 s for stacking experiments. Injection vacuum was 380 mbar, which gave an injection
plug of 19.5 cm for 180-s injection. New capillaries were conditioned once for 8 min
with 1 M NaOH, then for 2 min with 0.1 M NaOH, and 2 min with BGE between each
experiment. Resolution (R;) of CBI-amino acid enantiomers was calculated by dividing
the difference in migration times (Aty) of eluting peaks by the average peak width at
base (wp). An Ohm’s law plot for the capillary (70 cm x 25 pm) with the optimized BGE
consisting of 25 mM phosphate adjusted to pH 2.0 and containing 2 wt % S-B-CD gave a
linear relationship (Correlation coefficient, R* = 0.991) in the region of 5-30 kV
suggesting maximum voltage (30kV) could be used without loss of resolution through

joule heating (Weinberger, 2000).

2.2.5. Construction of standard curves and analysis of microdialysates.

All biological samples and standards were analyzed using a bare fused-silica capillary of
dimensions 48 x 45 cm x 25 pm. Voltage was reduced to 21 kV to allow for similar
applied field conditions as described for separation studies. Five standards were prepared
for CBI-D-ser, CBI-DL-asp, and CBI-DL-glu with concentrations of 0.3, 0.8, 1.4, 2.4,
and 5.0 uM by dilution of a 2 mM stock amino acid solution with artificial cerebral
spinal fluid (aCSF, containing in mM; 124 NaCl, 2.7 KCI, 1 CaCl,, 0.85 MgCl,, 24
NaHCO;, 1.4 D-glucose, pH 7.4). Standards and samples were reacted by equal volume
dilutions with NDA (1 mM in methanol) and NaCN (1 mM in 60 mM tetraborate with 9

uM L-homoarginine as the internal standard). Capillary was preconditioned and the
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standards/samples were injected using 1-s vacuum injection (380 mbar). Using peak
areas, the CBI-amino acid/internal standard ratio was plotted versus [CBI-amino acid]. A
five-point calibration curve was constructed for each amino acid (» > 4 at each
concentration) using a weighted least-squares analysis. For microdialysis, typically 1-2
uL of dialysate was reacted. Samples and standards were reacted a minimum of 15 min
prior to analysis. Identities of CBI-amino acids in the microdialysates were confirmed by
spiking with known CBl-amino acids. Triplicate analyses were conducted on all
microdialysates. Concentrations of amino acids were determined from calibration curves
using a weighted least-squares analysis, with uncertainty reported as + s, where s is the
standard deviation. The average and standard deviation in peak area ratios (CBI-amino
acid/ internal standard) for nine injections of 2.4 uM CBIl-amino acid were as follows;

CBI-L-glu, 0.461 + 0.070; CBI-D-ser, 0.400 + 0.085, CBI-L-asp, 0.358 + 0.036.

2.2.6. *C NMR titration of ser and CBI-ser.

All >C NMR measurements were made with a Varian Mercury FT-NMR at 75 MHz.
Ser titration: 15 mL of 60 mM borate buffer, pH 9.3, was mixed with S mL of methanol-
ds and then 0.50 g of L-ser in 15 mL of D,0. The pH was 8.70 using a H,O-calibrated
pH meter. The solution was titrated incrementally with 1.0 mM HCI followed by
measurement of the >C NMR chemical shift of the carboxyl carbon referenced to
methanol-ds (49.9 ppm). CBI-ser titration: The same procedure was used except 15 mL
of 60 mM borate buffer, pH 9.3, containing 15 mM NaCN was mixed with 15 mM NDA

in 15 mL of methanol and then with 15 mL of (C 1)-"C enriched L-ser in D,0. The pK,
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H*, which was determined in D,O using an H;O-calibrated pH meter, was determined

by plotting the first derivative of the chemical shift in ppm against pH*.

2.3 Results

2.3.1. Chiral separation of CBI-derivatives

Literature suggests that CBl-ser enantiomers are difficult to resolve at high pH using
conventional neutral chiral selectors. Therefore we chose reverse polarity CD-cEKC
with commercially available Sulfated-B-CD (S-B-CD) at low pH. Stalcup and Gahm
have demonstrated excellent resolving power of this chiral selector for a variety of chiral
analytes (Stalcup and Gahm, 1996). Conditions are typically carried out under reversed
polarity (anode at detector) in a pH range of 2.00-3.50. Under these conditions, EOF
would be minimized and the highly charged anionic S-B-CD would migrate toward the
detector. CBI-amino acids could interact with S-B-CD through their hydrophobic
naphthalene group to form inclusion complexes in solution with S-B-CD. Strong
complex formation would result in sweeping of the CBI-amino acid solute toward the
detector.

We find pH to be the most critical factor controlling chiral resolution of CBI-ser

enantiomers using S-B-CD in the range of 2-6 wt % as shown in Figure 2.3.
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Figure 2.3. Dependence of chiral resolution of CBI-ser on pH of the BGE. A) BGE: 6

wt % S-B-CD, 25 mM phosphate, B) 2 wt % S-

B-CD, 25 mM phosphate.
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Resolution dramatically decreases as the pH of the BGE is raised from 2 to 3 irrespective
of the concentration of CD. Indeed, CBI-ser enantiomers are baseline resolved at pH
2.00 (Rs = 1.62, 1.72 for 6 and 2 wt % respectively), but resolution completely vanishes
at pH 3.00. Additionally, migration time is not significantly altered by BGE pH; an
observation not altogether surprising given the reduced EOF over this range.

Studies on resolution verses pH were also conducted on CBI-ala, CBI-glu, and CBl-arg

and a plot is given in Figure 2.4.
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c
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e AL
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Baseline Separation

1.00

0.00
1.76 200 225 250 275 300 325 350 375
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Figure 2.4. Effect of BGE pH on chiral resolution of CBI-amino acids. BGE: 2 wt % S-
B-CD, 25 mM phosphate. Each R; value represents an average (n = 3).
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CBI-glu and CBI-ala show a similar pH dependent response as seen for CBI-ser with a
linear decrease in resolution with increasing pH. This suggests a similar mechanism of
chiral recognition between these analytes and S-B-CD. In contrast, CBl-arg resolution
increases linearly with increasing pH.

CBl-amino acids possess carboxylic functional groups that may influence chiral
recognition and migration time by interacting with S-B-CD during inclusion complex
formation. The degree of ionization could play an important role by influencing
electrostatic, hydrogen bonding, and/or hydrophobic interactions with the anionic CD. It
has been demonstrated that anionic CDs are poor chiral resolving agents for anionic
substrates due to electrostatic repulsion. The lower pH (2.00) in our study may minimize
these undesirable interactions. To our knowledge, the pK, values of CBI-amino acids
have not been determined. To investigate the nature of the interaction of CBI-amino
acids with S-B-CD, we utilized >C NMR titration to determine the pK, value of CBI-ser.
The chemical shift of the carboxyl carbon of >C-enriched CBI-L-ser (99.0 atom % at C-

1) was determined over the pH* range 1-6 as shown in Figure 2.5.
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Figure 2.5. C NMR titration of L-ser and CBI-L-ser. (A) '*C NMR titration of L-ser
and CBI-L-ser. ">C chemical shift of carboxyl group monitored. (B) First derivative of
titration curve. Peak maximums for (B) yield pK," which is used to determine pK," for
L-ser and CBI-L-ser.
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pH' is the direct reading of the D,O/methanol solution used in the titration with an H,O
calibrated pH meter. The titration curves are shown in Figure 2.5A, along with results on
L-ser. The first-derivative curves for these titrations are shown in Figure 2.5B. The
pKaH' values for L-ser and CBI-L-ser are determined to be 1.9 and 2.8, respectively,
according to the peak maxima in Figure 2.5B. A recently published equation allows for
converting these pK," values determined in D,O into an H,O equivalent, thus yielding
pKaH of 2.2 for L-ser and 3.0 for CBI-L-ser. The accepted pK, of L-ser is 2.2. These
results demonstrate that incorporation of the amino function into the NDA molecule
substantially decreases the acidity of the carboxyl group of L-ser.

At pH 3 when enantioresolution is lost (Figure 2.3), CBI-ser is substantially ionized
(50%, see Figure 2.5) and thus likely exhibits significant electrostatic repulsion with S-
B-CD. It is possible that at pH 3 chiral resolution is lost for the weakly acidic CBI-ser
due significant lack of interaction with the anionic CD at this pH. A comparison of
migration times for CBI-L-ser in the presence and absence of S-B-CD at pH 3 is shown

in Figure 2.6.
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Figure 2.6. Comparison of electropherograms of CBI-L-ser in the presence and absence
of S-B-CD at pH 3. BGE: 25 mM phosphate pH 3.00 with and without 2 wt % S-B-CD.

It is apparent that CBI-ser migrates with its own electrophoretic mobility in the absence
of S-B-CD at pH 3. This is in agreement with the pK, data demonstrating its ionization
at this pH. Addition of 2 wt % S-B-CD then results in a > 2-fold decrease in CBI-ser
migration time. Thus, despite repulsion, CBI-ser continues to show a strong interaction
at pH 3 with S-B-CD. This suggests that the loss of chiral recognition at this pH is more
probably related to a change in the nature of interaction with the chiral resolving agent.
The anionic moiety of CBI-ser may be positioned above the CD cavity and exhibit
electrostatic repulsion which limits the depth of penetration into the hydrophobic CD
cavity. In contrast, the more protonated CBI-ser at pH 2 (10% ionized) may exhibit
greéter depth of penetration of the naphthyl group into the CD cavity. This effect could

allow for greater enantioselectivity by bringing the chiral a-carbon of CBI-ser in closer
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proximity to the chiral cavity. It is also plausible that hydrogen bonding interactions
between the carboxyl group of CBI-ser and the hydroxyl and sulfato groups of S-B-CD
becomes more important for the more protonated CBI derivative. A similar explanation
may likely explain the parallel linear decreases in resolution with pH shown in Figure
2.4 for CBIl-ala and CBI-glu.

CBl-arg resolution increases with increasing pH (positive slope) with nearly 2-fold
resolution improvement when pH is increased from 2.0 to 3.5 as shown in Figure 24.
The guanidine R-group of CBl-arg is fully protonated over the pH range investigated
here. At low pH (2.00), CBI-arg would be expected to be significantly cationic, due to
protonation of both the a-COOH and guanidine R-group. Electrostatic attraction of the
CBl-arg and S-B-CD would be expected and is likely the primary cause of the fast
electromigration of CBI-arg relative to other amino acids at pH 2.0, as shown in Figure

2.7.
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Figure 2.7. Electropherogram of a mixture of CBI-DL-amino acids arg, ala, ser, and glu
at 2 wt % S-B-CD. BGE: 25 mM phosphate pH 2.00 with 2 wt % S-B-CD. The cationic
CBl-arg displays the fastest migration time in the presence of S-p-CD.

Strong interaction must play an important role for CBI-arg since in the absence of S-B-
CD migration would be directed toward the inlet (cathode). Evidence further implicating

an electrostatic interaction for CBI-arg is shown when plotting concentration of S-B-CD

as a function of the average chiral pair migration time as shown in Figure 2.8.
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Figure 2.8. Effect of S-B-CD concentration on the migration time of CBI-amino acids.
BGE: 25 mM phosphate pH 2.00. Each chiral pair migration time represents an average
(n=3).

CBl-arg electromigration does not appreciably change over the S-B-CD concentration
investigated whereas CBIl-ser, CBl-glu, and CBl-ala all show appreciable change.

Finally, as pH is increased, CBI-arg migration time dramatically increases, in contrast to

the nonbasic CBI-amino acids (Figure 2.9).
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Figure 2.9. CBI-DL-arg migration time as a function of buffer pH at 2 wt % S-B-CD.
BGE: 25 mM phosphate with 2 wt % S-B-CD.

This increase in migration time with pH can be attributed to changes in the degree of
ionization of the CBI-arg carboxylic acid group with increasing pH. Indeed, at pH 3.5,
CBl-arg is approaching a neutral, zwitterionic form with decreased electrostatic
interaction with S-B-CD, and its migration time approaches that of nonbasic CBI-amino
acids at pH 2.00.

The impact of phosphate buffer concentration on resolution of a series of CBI-amino

acids is shown in Figure 2.10.
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Figure 2.10. Influence of phosphate buffer concentration on chiral resolution of a series
of CBI-amino acids. BGE: 2 wt % S-B-CD, pH 2.00. Each resolution value is an
average (n=3).

Optimal chiral resolution is found for CBI-ser, CBI-glu, and CBI-ala at low phosphate
concentration. While phosphate plays a lesser role then other variables investigated,
increasing phosphate beyond 25 mM appears detrimental for resolution of CBI-ser, CBI-
glu, and CBl-ala.

The chiral resolution of a larger group of CBI-amino acids is shown in Figure 2.11 and
represented numerically in Table 2.1. An optimized buffer consisting of 25 mM
phosphate at pH 2.00 with 2 wt % S-B-CD was used to investigate these chiral

separations. Table 2.1 additionally contains numeric data for the same analytes except

using 6 wt % S-B-CD for comparison.
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Figure 2.11. Chiral separation of 14 CBI-amino acids with 2 wt % S-B-CD in 25 mM
phosphate, pH 2.00. Peak identities: (1) CBI-DL-arg; (2) CBI-DL-his; (3) CBI-DL-phe;
(4) CBI-DL-ile; (5) CBI-DL-asg; (6) CBI-DL-tyr; (7) CBI-DL-met; (8) CBI-DL-ala; (9)
CBI-DL-trp; (10) CBI-DL-thr; (11) CBI-DL-ser; (12) CBI-DL-gln; (13) CBI-DL-asp;
(14) CBI-DL-glu. Migration times for a given analyte varied by as much as 5% per run
(Table 2.1) and thus this illustration does not absolutely represent positions of CBI-
amino acids relative to one another.
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Table 2.1. Migration and R, values for CBI-DL-amino acids at 2 and 6% wt % S-B-CD*

Migration time (s) Resoiution
2 wt % S-B-CD 2wt % S-B-CD
CBl-amino acid D/L R,
tyrosine 636 /509 15.74
threonine 639 /704 8.89
asparagine 512 /549 7.15
phenylalanine 504 / 460 3.95
histidine 3251336 4.88
glutamatic acid 690 /677 +39/37 3.29 £+ 0.08
methionine 545 ] 527 3.02
alanine 525/539 £24/25 279 +0.11
arginine 307/312 +8/8 237 +0.15
aspartic acid 637 /648 1.79
isoleucine 485/ 506 3.16
serine 621/632 +31/32 1.69£0.05
tryptophan 576 /513 2.74
glutamine 580/ 571 1.45
valine 492 0
leucine 462 0
lysine 289 0
6 wt % S-B-CD 6 wt % S-B-CD
CBl-amino acid D/L R,
tyrosine 411 /361 17.66
threonine 402/ 428 8.2
asparagine 358/ 374 6.02
phenylalanine 347 /328 5.17
histidine 306 /313 3.22
glutamatic acid 421 /413 2.67
methionine 367 /360 2.55
alanine 353/ 358 1.92
arginine 287 /1290 1.89
aspartic acid 403 /408 1.86
isoleucine 331 /341 1.77
serine 392 /397 1.58
tryptophan 392/ 366 1.91
glutamine 371 0
valine 334 /335 0.51
leucine 344 0
lysine 291 0

? BGE: 25 mM phosphate, pH 2.00. All CBI-amino acids pairs were diluted 10 uM total (1:2 D/L).
6 wt % S-B-CD, n = 1; 2 wt %, n =3 except for CBI-glu, CBl-arg, CBI-ala, and CBl-ser where n=9.
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It is apparent from Table 2.1 that the concentration of S-B-CD plays a lesser role than pH
on chiral resolution for CBI-amino acids. In fact, with the exception of CBI-phe, CBI-
tyr, and CBI-val, all CBI-amino acids show either no change or a slight decrease in
resolution at high concentration of S-B-CD. Nearly half the CBI-amino acids (6 of 14 at
2 wt % S-B-CD) demonstrate a reversed migration order compared to CBI-ser with the
L-isomer exhibiting the greater electrophoretic mobility. These include CBI-met, CBI-
gln, and CBI-glu in addition to all 3 of the aromatic side chain CBI-amino acids. These
latter aromatic amino acid derivatives all show excellent enantioresolution (R > 2.5) at 2
wt % S-B-CD. CBI-tyr demonstrated remarkable enantioresolution using S-B-CD with

the L-isomer eluting >2 min prior to D-isomer over the course of an 11 min separation.

2.4 Stacking of dilute amino acid solutions with S--CD

Stacking is an important feature of CE which under the proper conditions allows for
enhanced detection of trace analytes through substantial increase in volume and/or mass
injected into the capillary. For hydrodynamic injection, stacking mechanisms are
important for injections > 2 % of the capillary volume (Weinberger, 2000).

We found that CBI-ser and CBI-glu standards diluted in water could be substantially
stacked using vacuum injection as demonstrated in Figure 2.12, where injection time

ranges from 2 to 120 s (380 mbar) for a 0.05 pM solution of each enantiomer.
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Figure 2.12. Stacking of dilute solutions of CBI-DL-ser and CBI-DL-glu using S-B-CD.
CBl-amino acids were prepared at 0.05 pM in water. Stacking is demonstrated by
comparison of separate electropherograms obtained from vacuum injections ranging
from 2-120 s (380 mbar). BGE: 25 mM phosphate pH 2.00 with 3 wt % S-p-CD.

An enhancement of signal-to-noise of ~100-fold for a 120 s versus 2s injection is

realized without substantial loss of chiral resolution, as shown numerically in Table 2.2.
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Table 2.2. Signal to Noise (S/N) Ratio, Resolution (Rs), and Estimated Concentration
Limits of Detection (CLOD) for CBI-Ser and CBI-Glu.

SIN® CLOD (nM)° R,
CBl-ser, CBl-ser, CBl-ser,
injection, s* CBI-glu CBl-glu CBI-glu
2 26,23 57.4,65.7 1.92, 3.26
5 17.0, 15.8 8.8,9.5 1.77, 3.32
10 314,272 4.8,5.5 1.78, 3.41
20 60.9, 51.9 25,29 1.91, 3.38
60 135, 130 1.1,1.2 1.57,2.82
120 226, 186 0.66, 0.81 1.34, 2.46
180 14.9, 10.2 0.20, 0.30 1.72,2.20
@50 nM of each enantiomer hydrodynamically vacuum injected except 180-s
injection, which was 1 nM each enantiomer (see Figure 2.13). ° Noise was estimated
at the 95% CI by PeakFit. °CLOD were estimated at S/N = 3.

Furthermore, good signal-to-noise was achieved for a 180 s injection of 1 nM of each

enantiomer of CBI-ser and CBI-glu as shown in Figure 2.13.
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Figure 2.13. Detection by hydrodynamic stacking of 1 nM each of CBI-DL-ser and
CBI-DL-glu using S-B-CD BGE. Stacking is represented by an electropherogram
showing typical S/N obtained for low ionic strength solutions of racemic CBI-ser and
CBI-glu. Injection was 180 s (capillary filled 19.5 cm). BGE: 25 mM phosphate pH 2.00
with 3 wt % S-B-CD. Estimated LOD; CBI-ser, 0.20 nM; CBI-glu, 0.30 nM (S/N =3).

The baseline resolution of CBI-ser and CBI-glu enantiomers at 1 nM each demonstrates
that significant stacking occurs in addition to chiral separation without significant
resolution loss. A detection limit of 0.2 nM of CBI-ser and 0.3 nM CBI-glu is calculated
(S/N = 3) from this electropherogram. The volume injected was determined using long
injections of Brilliant Blue dye (FD&C Blue No. 1) solution. This dye was visible under
10X microscope without removal of capillary polyimide coating. This approach gives a
19.5 cm injection (~28% of capillary volume) for a 180 s vacuum injection (380 mbar)
which corresponds to ~96 nL of solute. Hydrodynamic vacuum injection can also be

used for stacking more complex samples, as shown in Figure 2.14, for a mixture of 11

amino acids (including 4 chiral pairs).
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Figure 2.14. Stacking of a complex dilute sample of 11 CBI-amino acids with S-B-CD.
Injection time corresponds to 380 mbar vacuum. Amino acids were prepared at ~0.5 uM
each. Peak identities: (1) CBI-D-arg; (2) CBI-L-arg; (3) CBI-D-his; (4) CBI-L-his; (5)
CBI-gly; (6) CBI-L-tyr; (7) CBI-L-gln; (8) CBI-D-ser; (9) CBI-L-ser; (10) CBI-L-glu;
(11) CBI-D-glu. BGE: 25 mM phosphate, pH 2.00 with 2 wt % S-p-CD.
The mechanism for stacking is proposed herein to involve a combination of field

amplified stacking, pH mediated stacking, and sweeping by S-B-CD. A schematic of

this proposed mechanism is given in Figure 2.15.
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Figure 2.15. Schematic diagram of the pH-mediated stacking/ sweeping-S-B-CD of

chiral CBI-amino acids.
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The dilute CBI-amino acids are anionic when initially injected at ~1/3 of the capillary

volume due to the carboxylic acid groups which are substantially ionized when dissolved

in water at pH 6. The exceptions are CBI-amino acids with basic side chains as

mentioned above for CBIl-arg. When a negative potential of -30 kV is applied (B), the

current initially starts out at zero (observed) and the dilute anionic CBI-amino acids

experience field amplified migration, with mobility toward the anode. This mobility is

ultimately interrupted by a pH junction formed by the boundary between the injection

plug and BGE at pH 2. At the pH junction (C), the dilute injection plug is substantially
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stacked as CBIl-amino acids are ~neutralized by the low pH BGE. This stops their
electromigration. Around the same time, (D) an EOF is generated in the aqueous plug
that drives the pH 6 solution out of the capillary via the inlet. Eventually the current
increases as anionic S-B-CD migrates into the stacked plug and sweeps the CBI-amino
acids toward the detector. It is important to note that under this mechanism, S-f-CD
must enter the capillary prior to ejection of the aqueous plug or else the CBI-amino acids
would be expelled from the capillary. Thus it appears there is a combination of field
amplified migration, pH mediated stacking, and sweeping of the ~ neutralized CBI-
amino acid toward the detector that is responsible for the overall stacking effect.

Support for the mechanism was obtained from 2 experiments using a capillary in which

the detector window was placed 3 cm from the capillary inlet as shown in Figure 2.16.
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Figure 2.16. Electropherograms from experiment demonstrating both pH mediated
stacking and sweeping mechanisms for S-B-CD. Lower trace: Electropherogram
illustrating stacking when operating BGE without S-B-CD at low-pH reversed polarity.
The capillary (70 x 3 cm x 25 pm) was filled 19.5 cm with 0.10 uM CBI-L-ser in water
(pH 5.2), and a voltage (-30 kV) was applied. The dilute CBI-ser is stacked at the pH
boundary and driven toward the inlet vial and detected prior to exiting the capillary.
Upper trace: electropherogram illustrating stacking/sweeping when operating BGE with
S-B-CD. Once the stacked zone nears the inlet (peak 1), it reverses direction as S-B-CD
enters the capillary and sweeps the stacked CBI-ser toward the outlet vial (peak 2).

In both experiments CBI-L-ser was injected for 180 s (380 mbar) corresponding to a
19.5 cm injection. In the lower trace, a peak is observed in the absence of S-B-CD
represents the field amplified, and pH mediated stacked band passing by the detector due
to the EOF driving the aqueous plug back toward the inlet. Since S-B-CD is absent from
the BGE, the stacked band is expelled from the capillary. In comparison, the upper trace

shows an identical experiment conducted in the presence of S-B-CD. A similar pH

mediated stacked band is observed from EOF driven migration back toward the inlet. In
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contrast however, the upper trace demonstrates that S-B-CD enters the capillary prior to
sample expulsion and sweeps the analyte back toward the detector prior to sample
expulsion as represented by a second band shown at ~ 100 s. Interestingly, the pH
mediated band is significantly narrower then the sweeping band suggesting some
destacking occurs during migration reversal at the sweeping step (D). The cause of
destacking during sweeping is currently unknown but it suggests that pH mediated
stacking may be the primary mechanism responsible for stacking observed in Figures
2.12-2.16.

The proposed mechanism is similar to that proposed by Lin and Shih for CBI-amino
acids using anionic SDS and low pH BGE (Shih and Lin, 2005), except their
stacking/sweeping-MEKC apparently requires that initial BGE contain no SDS. After
migration of the stacked analyte to nearly the inlet, the vials at both inlet and outlet are
replaced to contain BGE-SDS. SDS then sweeps the stacked analyte toward the detector.

Comparison of the techniques can be made and is shown in Table 2.3.
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Table 2.3. Comparison of full-capillary sample stacking / sweeping-MEKC and pH
mediated stacking/sweeping-S-3-CD of dilute CBI-amino acids.

FCSS/ sweeping pH stacking/
Method MEKC? sweeping S-B-CD”
analyte CBl-lle CBI-DL-ser
injection lenth, cm 60 (full capillary) 19.5 (28% of length)
capillary i.d., ym 75 25
injection volume, uL 2.65 0.096
CLOD, M 1.1x10° 0.3x10°
mole detection limit, 2900 29
fmol
switching of BGE Yes No
migration time, min ~30 ~11
chiral separation no yes
plate number, N 1.2x10° 1.8 x 10°
?Total and effective length of capillary 60/54 cm, violet LED 410 nm, 2 mW.
®Total and effective length of capillary 75/45 cm, violet diode laser, 420 nm, 5 mW.

The concentration detection limits are similar for dramatically different injection
volumes, with the molar detection limit for pH-mediated stacking/sweeping-S-B-CD
being ~100-fold more sensitive. Given the similar separation efficiencies (N) of the two
methods, it is difficult to reconcile the different molar detection limits for the two
methods. The application of this stacking technique to brain microdialysates discussed
below was not possible due to the high ionic strength of the sample, as discussed by
Gillogly et al. (Gillogly and Lunte, 2005). Injection time of microdialysates greater than
5 s (380 mbar) results in significantly broader peaks with loss of resolution. We believe

pretreatment of the sample, such as desalting, will be necessary for successful
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application of this stacking technique to brain microdialysates. The promise of the
technique may lie in its ability to provide low detection limits for evaluation of
enantiopurity of amino acids and other chiral molecules, using either UV or fluorescence

detection.

2.5 Analysis of D-ser, DL-asp, and DL-glu in the hippocampus of arctic ground
squirrel.

To demonstrate application of S-B-CD at low pH reversed polarity for amino acid
analysis, we chose to quantify levels of CBI-DL amino acids sampled from the brain of
live arctic ground squirrels (AGS). Using a standard mixture of 22 primary amines
commonly found in brain microdialysates, no interfering species were identified for
CBI-D-ser, CBI-DL-asp, and CBI-DL-glu. Calibration curves were constructed for low-
micromolar detection. L-homoarginine was chosen as internal standard to minimize error

in quantitative analysis. The calibration curves are given in Figure 2.17.
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Figure 2.17. Linear regression calibration curves for CBIl-amino acid standards for
bioanalysis with S-B-CD. Curves were generated using an internal standard and are
represented as the concentration of CBl-amino acid verses the peak area ratio of the
internal standard (9 pM CBI-L-homoarginine) to CBI-amino acid. Error bars represent
the standard deviation of the average 1.S./CBI-amino acid peak area for the represented
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concentration. Data points were constructed from at least n > 4 separate determinations
at each known concentration.

A typical electropherogram of a microdialysate from an AGS hippocampus is illustrated

in Figure 2.18.
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Figure 2.18. Typical electropherogram of a microdialysate from the hippocampus of an
arctic ground squirrel. (A) Standard amino acid mixture including (1) CBI-D-ser; (2)
CBI-L-ser + NDA side product; (3) CBI-D-asp; (4) CBI-L-asp; (5) CBI-L-glu; (6) CBI-
D-glu. (B) Microdialysate from AGS obtained 40 min after probe insertion at flow rate
of 0.6 puL/min. The internal standard is labeled as peak (0). Identities of CBI-amino acids
in microdialysates were determined by spiking with known CBI-amino acids.

Appreciable levels of D-ser, L-asp, and L-glu were observed, while D-asp and D-glu are
found only as trace components below the limit of quantification (LOQ). Quantitative

analysis of CBI-amino acid concentrations is shown in Table 2.4, along with equations

of the weighted linear regression standard curves used for analysis.
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Table 2.4. Quantitative analysis of amino acids in microdialysate from hippocampus of
arctic ground squirrel.

CBl-amino acid  standard curve’ R? CLOD, nM® [dlalysate], uM° [dialysate], uM®
CBI-D-ser Y =0.171x - 0.005 0.996 438+ 04 0.25+0.09 0.23+£0.09
CBI-L-asp Y =0.145x + 0.005 0.998 40.3+04 1.54 £ 0.23 0.43 0.1
CBIl-L-glu Y =0.203x- 0.013 0.998 323103 0.86 £ 0.06 0.57+£0.15
CBI-D-asp Y =0.130x - 0.004 0.991 57.1 £ 01 trace -
CBI-D-giu Y =0.203x + 0.004 0.997 41.2+04 trace -

?y = mx + b. (CBl-aalinternal std) = m[CBl-aa] + b. ® Concentration limits of detection (CLOD)
calculated from response of low-concentration standard of 0.3 pM (n=4) assuming S/N = 3. 20 min after
probe insertion. Y 110 min after probe insertion.

2.6 Summary of S-B-CD as chiral selector for CBI-amino acids

Commercially available S-B-CD is found to be an excellent chiral selector for CBI-
amino acids using low-pH reverse polarity CD-cEKC. The strength of this CE technique
lies in its ability to baseline resolve a large number of CBI-DL-amino acids with a single
buffer formulation. This separation occurs best at BGE pH levels below the pK, of the
weakly acidic a-COOH of CBl-amino acids. Significant electrostatic interactions
(favorable and unfavorable) were demonstrated between this CD and CBI-amino acids.
D-asp, D-ser, and D-glu can all be potentially quantified in neuronal samples, if present.
In our study, basal levels of D-ser, L-glu, and L-asp, all important
neurotransmitters/neuromodulators, were quantified in microdialysates from the
hippocampus of an arctic ground squirrel. Stacking with enantioseparation of low ionic
strength solutions of CBI-amino acids was demonstrated with detection limits of 0.20

and 0.30 nM for CBI-ser and CBI-glu, respectively.
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Chapter 3

Synthesis and characterization of single isomer sulfoalkyl cyclodextrins

3.1 Overview of study

Single isomer highly charged sulfated cyclodextrins have emerged as some of the most
powerful chiral selectors in capillary electrophoresis. Currently the only single isomer
highly charged anionic cyclodextrins are substituted with sulfato functional groups. Vigh
and colleagues have designed an entire family of single isomer sulfato a-, -, and y-CDs
for enantioresolution in CE (Vincent et al., 1997a; Vincent et al., 1997b; Cai et al., 1998;
Zhu and Vigh, 2000; Maynard and Vigh, 2001; Busby et al., 2003; Li and Vigh, 2003;
Zhu and Vigh, 2003; Li and Vigh, 2004b, a; Busby and Vigh, 2005a, b; North and Vigh,
2008). As of the writing of this dissertation thesis, many of these are now commercially
available, offer a range of functional modifications on the primary and secondary CD
rim offering alternative selectivity for chiral guests, and are thoroughly investigated for a
wide range of chiral pharmaceutical compounds. The strength of the single isomer
sulfato CDs as chiral selectors arises from several important structural features. Firstly,
charged chiral selectors are capable of resolving charged as well as neutral chiral
analytes (Chankvetadze et al., 1995). All of the anionic p-CDs synthesized by Vigh and
coworkers bear at least 7 charged sulfato groups on the primary or secondary rim (a-CDs
have at least 6). High charge can maximize the difference in electrophoretic mobility of
free and complexed analytes, increasing resolution and separation efficiency (Skanchy

et al., 1999). Secondly, CDs synthesized by Vigh and coworkers are isomerically pure
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through the use of selective reaction chemistry. In contrast, nonselective synthesis of
CDs often results in a wide range of regional and positional isomers with a wide range of
degrees of substitution, often leading to poor batch to batch reproducibility. While they
may be excellent resolving agents as isomeric mixtures for certain compounds, this
heterogeneity limits robustness of developed assays. For example, the separation of CBI-
ser, CBI-glu, and CBI-asp optimized in Chapter 2 is shown in Figure 3.1 below for

separate synthetic batches of S-B-CD obtained from the same commercial supplier.
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Figure 3.1. Comparison of the chiral separation of a mixture of CBI-DL-ser, CBI-DL-
glu, CBI-L-asp using different synthetic batches of S-B-CD. (A) 2 wt % S-B-CD, Fluka
Lot # L1148973 as optimized in Chapter 2. B) 2 wt % S-B-CD, Fluka Lot # L1348154.
Separations were carried by CE-LIF as described in Chapter 2. A bare fused silica of
dimensions 48 x 45 cm x 25 pm was used in reversed polarity (21 kV). BGE was 25
mM phosphate adjusted to pH 2.15. Samples were prepared at 5 pm each amino acid in
water and injected by vacuum (380 mbar) for Is.

While CBI-DL-glu is baseline resolved with both S-B-CD batches, CBI-DL-ser is not.
Furthermore, the relative mobility of the various CBI-amino acids varies with different
synthetic batches. The longer migration times shown in Figure 3.1B would additionally

suggest a lower average degree of substation (DS) of the sulfated CD mixture in this
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particular synthetic batch since, under the conditions used, the migration time is related
to the strength of interaction. This latter point is an important structural limitation of
randomly substituted CDs since it drastically limits robustness of an analytical assay.
Thirdly, CDs composed of isomeric mixtures can demonstrate marked reduction in
overall resolving power since different cyclodextrin isomers within a given mixture may
possess finite differences in complexation rates resulting in unavoidable kinetic band
broadening (Vincent et al., 1997a). These numerous inconsistencies are entirely avoided
with single isomer CDs.

Interestingly, CDs bearing sulfato groups on their primary and or secondary rim like
those produced by Vigh and coworkers are not without some theoretical inclusion
complexation limitations. For sulfato CDs the high charge density is in close proximity
to the hydrophobic CD torus. It is reasonable that this could significantly limit the
strength of interactions with hydrophobic guest molecules especially for highly charged
(> hepta-sulfato) CDs. CDs bearing sulfoalkyl groups on the primary and secondary rim
have been produced through nonselective reaction chemistry (Rajewski, 1990). These
highly charged sulfoethyl, sulfopropyl, and sulfobutyl CDs are isomeric mixtures
characterized by an average degree of substitution (DS) (Rajewski, 1990; Tait et al.,
1992; Luna et al., 1996; Luna et al., 1997b). Zia et al. have proposed that an increase in
binding potential can be realized for charged selectors by increasing the distance of the
sulfonate groups from the CD torus (Zia et al., 1997). Thus for inclusion complex studies
of progesterone and testosterone, a reduction of the CD alkyl chain length from

sulfobutyl ether to sulfopropyl ether decreased the complexation potential. It is quite
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possible therefore that single isomer sulfoalkyl CDs may exhibit enhanced complexation
potential compared to single isomer sulfato CDs, and this enhancement may be
important for analytical chiral separations since increased selectivity may be realized.
Despite advantages, selective sulfoalkylation to produce single isomer sulfoalkylated
CDs has never been achieved.

This dissertation research describes the first synthesis and characterization for an entirely
new family of single isomer cyclodextrins; heptasubstituted f-CDs and hexasubstituted
a-CDs with sulfoalkyl functional groups (Kirschner and Green, 2005; Kirschner et al.,
2008). New single isomer [-CDs include heptakis(2,3-di-O-methyl-6-O-
sulfopropyl)cyclomaltoheptaose potassium salt (KSPDM-B-CD), heptakis(2,3-di-O-
methyl-6-O-sulfobutyl)cyclomaltoheptaose potassium salt (KSBDM-B-CD),  and
heptakis(2,3-di-O-ethyl-6-O-sulfopropyl)cyclomaltoheptaose potassium salt (KSPDE-3-
CD). The single isomer sulfoalkyl derivatives of B-CD have been initially investigated as
chiral resolving agents herein for CBI-amino acids including CBI-ser, CBI-asp, CBI-glu,
and CBl-ala (see Chapter 4). New single isomer a-CDs include hexakis(2,3-di-O-
methyl-6-O-sulfopropyl)cyclomaltohexaose potassium salt (KSPDM-0-CD),
hexakis(2,3-di-O-methyl-6-O-sulfobutyl)cyclomaltohexaose potassium salt (KSBDM-a-
CD), and hexakis(2,3-di-O-ethyl-6-O-sulfopropyl)cyclomaltohexaose potassium salt

(KSPDE-a-CD).
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3.2 Materials and methods

3.2.1. General methods

All chemicals were purchased from Aldrich Chemical Co. (Milwaukee, WI) and were of
the highest purity unless otherwise noted. Native -CD, 18-crown-6, potassium hydride,
and rert-butyldimethylsilyl chloride were purchased from Alfa Aesar (Ward Hill, MA).
All native and derivatized CD intermediates were dried under reduced pressure in a
vacuum oven at 70 °C for a minimum of 24 h before subsequent reaction. THF was
freshly distilled from potassium metal in the presence of benzophenone. N-N-
dimethylformamide (DMF) was stirred over CaHj, filtered, and distilled under reduced
pressure (20 torr) at 57 °C onto activated 4 A 8-12 mesh sieves. Aluminum backed
silica-60 TLC plates were used to monitor reaction products and chromatography
eluents. Cyclodextrin spots were imaged by charring on TLC plates after dipping plate
in a solution of 2-5% concentrated sulfuric acid in ethanol and heating on a hot plate to

>180 °C.

3.2.2. NMR spectral analysis

'H, 13C, gCOSY, gHSQC, and ROESY NMR spectra were acquired with a Varian
Mercury 300 MHz FT-NMR instrumenf. The ROESY spectra were acquired with 16
acquisitions in f2 and 200 increments in fl1 with a mixing time of 300 ms. Assignments
were made by gCOSY and gHSQC techniques. Chemical shifts are reported relative to
internal sodium 3-(trimethylsilyl)-1-propanesulfonic acid (TSP) for single isomer CDs

and relative to solvent peaks for CD intermediates.



79

3.2.3. Indirect UV detection CE

Indirect UV detection CE electropherograms of anionic cyclodextrins were obtaiﬁed
with an Agilent 3D CE system with diode array UV detector and with a Beckman
P/ACE 2000 instrument as indicated. Separation buffer was 30 mM benzoic acid titrated
to pH 6.0 with 0.1 M Tris base. CE conditions for P/ACE 2000 are as follows:
wavelength, 254 nm; applied potential, 25 kV; injection, 22 mg/mL, 0.5 psi, 6 s
injection. The analyses were performed in a bare, fused-silica capillary (Polymicro
Technologies, Phoenix, AZ) of 50 x 59.5 cm x 50 um. CE conditions for Agilent were as
follows: wavelength, 214nm; applied potential, 25 kV; injection 10 mg/mL, 0.5 psi 6 s

injection. Capillary: 41.5 x 50.0 cm x 50 um bare fused silica.

3.3 Synthesis and characterization
A general reaction scheme for the selective synthesis of sulfoalkylated cyclodextrins is

given in Figure 3.2.
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Figure 3.2. General reaction scheme for the selective synthesis of single isomer
sulfoalkylated cyclodextrins. The final products are potassium salts and are labeled
(5A)-(5F) depending on sulfoalkylation reagent, alkylation reagent, and a- verses p-CD.
A protection/deprotection strategy was required for regioselective synthesis of the
primary (C-6) and secondary (C-2, C-3) hydroxyls to give single isomer selectively
sulfoalkylated CDs. References for published procedures are given appropriately in
sections 3.31-3.35 after a brief overview of the synthesis. After regioselective protection
of the primary hydroxyls, the secondary hydroxyls were alkylated with either methyl
iodide or ethyl iodide. The protected alkylated CDs were deprotected to give 2,3-di-O-

alkyl-CDs. These CDs were then fully sulfoalkylated on the primary hydroxyl rim using

the method developed and optimized as given in section 5.26.
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3.3.1 Heptakis(6-O-tert-butyldimethylsilyl)cyclomaltoheptaose (2A) and Hexakis(6-
O-tert-butyldimethylsilyl)cyclomaltohexaose (2B)

The C-6 primary hydroxyls of a-CD (1A) and B-CD (1B) were protected using tert-
butyldimethylsilyl chloride (TBDMSICI) according to a slight modification of the
procedure described by Takeo for a-CD (Takeo et al., 1988) and B-CD (Takeo et al.,
1989). For B-CD derivatives the C-6 hydroxyls were reacted under N, (g) with 1.5
equiv./hydroxyl TBDMSICI in anhydrous pyridine cooled to ~ 0 °C. The silylation
reagent was added slowly and solution was kept at ~ 0 °C for 2 h then at room
temperature overnight. For a-CD derivatives, the same procedure was used with the
exception that anhydrous DMF replaced pyridine as reaction solvent. After 24 h the
reaction was poured over ice water and the white precipitate that formed was filtered,
washed successively with ice water, and dried in vacuo. The protected B-CD derivative
could often be used without further purification. The nearly pure (based on TLC and 'H
NMR) protected a-CD could be recrystallized from hot methanol/water (~95 %). A
similar recrystallization is possible for protected p-CD. 'H and '>*C NMR spectra of the

purified product are shown in Figure 3.3 and 3.4 for 2A and Figure 3.5 and 3.6 for 2B.
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Figure 3.3. 'H NMR of heptakis(6-O-fert-butyldimethylsilyl)cyclomaltoheptaose (2A)
in CDCl;.
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Figure 3.4. >C NMR of heptakis(6-O-tert-butyldimethylsilyl)cyclomaltoheptaose (2A)
in CDCl}.
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Figure 3.5. 'H NMR of hexakis(6-O-tert-butyldimethylsilyl)cyclomaltohexaose (2B) in
CDCl;.
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Figure 3.6. C NMR of hexakis(6-O-rert-butyldimethylsilyl)cyclomaltohexaose (2B) in
CDCl;.

Full assignments of 2A and of 2B were made based on comparison to literature values
(Takeo et al., 1988; Takeo et al., 1989). The product NMR spectra matched well with

literature and were utilized without further purification.

3.3.2 Heptakis(2,3-di-O-methyl-6-O-tert-butyldimethylsilyl)cyclomaltoheptaose
(3A) and Hexakis(2,3-di-O-methyl-6-O-tert-butyldimethylsilyl)cyclomaltohexaose
(3B).

The C-2 and C-3 secondary hydroxyls of 2A and 2B were methylated using excess
methyl iodide and NaH according the procedure described by Takeo and colleagues
(Takeo et al., 1988; Takeo et al., 1989). Conditions were the same for §-CD and a-CD

derivatives. Briefly, regioselective methylation was achieved by dissolving 2A or 2B in
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anhydrous THF under N; and slowly adding 3 equiv./hydroxyl NaH (60 % dispersion in
mineral oil, previously washed with hexane and dried under Nj) followed by 5
equiv./hydroxyl methyl iodide. The reaction was stirred for 24 h at RT. Excess NaH
was quenched with methanol after 24 h and THF was removed by rotovaporization. The
resultant material was partitioned between CH,Cl, and water, extracted 3X, dried over
Na;SO4, and concentrated. 'H and '*C NMR analysis is shown in Figures 3.7 and 3.8 for

3A and 3.9 and 3.10 for 3B.
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Figure 3.7. 'H NMR of heptakis(2,3-di-O-methyl-6-O-tert-butyldimethylsilyl)-
cyclomaltoheptaose (3A) in acetone-ds.
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Figure 3.8. °C NMR of heptakis(2,3-di-O-methyl-6-O-tert-butyldimethylsilyl)-
cyclomaltoheptaose (3A) in acetone-de.
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Figure 3.9. '"H NMR of hexakis(2,3-di-O-methyl-6-O-tert-butyldimethylsilyl)-
cyclomaltohexaose (3B) in acetone-ds.



89

W “*J N A i ey

1(ppm) I 3 4 5 -6
\ | 1 (ppm)
|

e MMJM\W Wi “L s b MJW Tty wwum} fi Jmm b mwwmwwmwmwKwﬂwu

115 105 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 5 0 -5
f1 (ppm)

Figure 3.10. *C NMR of hexakis(2,3-di-O-methyl-6-O-tert-butyldimethylsilyl)-
cyclomaltohexaose (3B) in acetone-ds.
Full assignments of 3A and of 3B were made based on comparison to literature values.

The product spectra matched literature and were utilized without further purification.

3.3.3 Heptakis(2,3-di-O-ethyl-6-O-tert-butyldimethylsilyl)cyclomaltoheptaose (3C)
and Hexakis(2,3-di-O-ethyl-6-O-fert-butyldimethylsilyl)cyclomaltohexaose (3D)

The C-2 and C-3 secondary hydroxyls of 2C and 2D were ethylated using excess ethyl
iodide and NaH according to an adaptation of the procedure described by Takeo and
colleagues (Takeo et al., 1988; Takeo et al., 1989). Conditions were the same for B-CD

and o-CD derivatives. An identical synthetic procedure was used as for methylation
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with the exception that anhydrous DMF was used instead of THF. After reaction for 24
h, the excess hydride was quenched and the product was poured over ice water and the
white precipitgte that fqrmed was ﬁltered,ﬁwas_lﬁlﬂed sgccessiyqu with ice water, and dried
in vacuo. TLC of the resultant product indicated a mixture of products which was
verified by '"H NMR.

The product was purified by normal phase chromatography using a mobile phase
consisting of hexane and ethyl acetate (7:1). '"H NMR analysis of the purified material is

shown in Figure 3.11 for 3C and Figure 3.12 for 3D.
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Figure 3.11. 'H NMR of heptakis(2,3-di-O-ethyl-6-O-tert-butyldimethylsilyl)-
cyclomaltoheptaose (3C) in CDCls.
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Figure 3.12. '"H NMR of hexakis(2,3-di-O-ethyl-6-O-zers-butyldimethylsilyl)-
cyclomaltohexaose (3D) in CDCl;.

In 3C the presence of mineral oil contaminant from the NaH dispersion was apparent in
the purified product even after chromatography. The mineral oil was noninvasive for the
follow up reaction and thus not removed from 3C. The Assignments of the 'H NMR
spectrum for CD peaks of 3C and 3D were made based on comparison to literature

values. The materials were used without further purification.
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3.3.4 Heptakis(2,3-di-O-methyl)cyclomaltoheptaose (4A) and Hexakis(2,3-di-O-

methyl)cyclomaltohexaose (4B)

O-desilylation of the C-6 protecting group Qf 3A and 3B was accomplished usinga =

modification of the approach described by Takeo and colleagues (Takeo et al., 1988;
Takeo et al.,, 1989). Briefly, the CD derivative was dissolved in methanol with 7
equiv./hydroxyl NH4F instead of tetrabutylammonium fluoride. The reaction was
refluxed for at least 48 h until TLC (4:1 Chloroform: methanol) indicated successful O-
desilylation as indicated by a significant decrease in the retention factor compared to
starting material. The reaction was stopped by cooling to room temperature and
rotovaporizing methanol. The product was partitioned between CH,Cl, and water, and
then extracted 3X, and concentrated. 'H NMR of the crude product suggested that
nearly complete O-desilylation was achieved. The crude material was purified by flash
chromatography using 4:1 chloroform methanol mobile phase. 'H and 'C NMR
analysis of the purified material is shown in Figure 3.13 and 3.14 for 4A and Figure 3.15

and 3.16 for 4B.
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Figure 3.13. '"H NMR of heptakis(2,3-di-O-methyl)cyclomaltoheptaose (4A) in acetone-
dg.
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Figure 3.14. >C NMR of heptakis(2,3-di-O-methyl)cyclomaltoheptaose (4A) in
acetone-dg.
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Figure 3.15. 'H NMR of hexakis(2,3-di-O-methyl)cyclomaltohexaose (4B) in acetone-

ds.
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Figure 3.16. °C NMR of hexakis(2,3-di-O-methyl)cyclomaltohexaose (4B) in acetone-
de.
Full assignments of 4A and 4B could be made and are consistent with literature values.

The product was used without further purification.

3.3.5 Heptakis(2,3-di-O-ethyl)cyclomaltoheptaose (4C) and Hexakis(2,3-di-O-
ethyl)cyclomaltohexaose (4D)

O-desilylation of the C-6 protecting group of 3C and 3D was accomplished using an
identical approach as indicated for the synthesis of 4A and 4B. 'H NMR of the crude
product suggested that nearly complete O-desilylation. The crude material was purified
by flash chromatography using chloroform and methanol (8:1 — 4:l
chloroform:methanol). 'H and >C NMR analysis of the purified material is shown in

Figure 3.17 and 3.18 for 4C and Figure 3.19 and 3.20 for 4D.
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Figure 3.17. 'H NMR of heptakis(2,3-di-O-ethyl)cyclomaltoheptaose (4C) in CDCls.
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Figure 3.18. 13C NMR of heptakis(2,3-di-O-ethyl)cyclomaltoheptaose (4C) in CDCls.
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Figure 3.19. '"H NMR of hexakis(2,3-di-O-ethyl)cyclomaltohexaose (4D) in CDCl;.
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Figure 3.20. °C NMR of hexakis(2,3-di-O-ethyl)cyclomaltohexaose (4D) in CDCl;.

Full assignments of 4C and 4D were made and are consistent with literature values. The

product was used without further purification.

3.3.6 Heptakis(2,3-di-O-methyl-6-O-sulfopropyl)cyclomaltoheptaose (SA) and (S5A’)
Full regioselective sulfopropylation of the C-6 primary hydroxyls of 4A was
accomplished using 1,3-propanesultone in THF with KH/18-crown-6 as base. The
reaction was carried out on mg and gram scales with a typical scaled down example
given here.

Compound 4A (0.200 g, 0.152 mmol) was added to 35 mL of anhydrous THF under
nitrogen, followed by the slow addition of 0.300 g (7.48 mmol) of KH. After stirring at

room temperature for 15 min, 1.02 g (3.86 mmol) of 18-crown-6 was slowly added, and
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the reaction was allowed to stir for 30 min. 1,3-Propanesultone (0.520 g, 4.26 mmol)
was dissolved in 4 mL of anhydrous THF and introduced dropwise over 30 min. The
reaction was stirred at room temperature for 24 h. Excess KH was decomposed by
cooling the reaction to 0 °C and slowly adding methanol. The solvents were removed by
rotary evaporation at 70 °C, and the brown oil was dried in a vacuum oven at 70 °C for 1
h. Dry acetone (80 mL) was added to the oil, and the precipitate that formed was
transferred to centrifuge tubes where successive acetone washes, followed by
centrifugation removed all 18-crown-6 yielding an off-white solid. The solid was blown
dry with N; gas, dissolved in water, and neutralized with 1 M HCI. Compound SA was
purified by ultrafiltration through an Amicon Model 8310 Stirred Cell Ultrafiltration
Unit (Millipore Corp., Billerica, MA) with a 1000 MWCO regenerate cellulose (RC)
membrane to give, after concentration, 0.24 g (0.098 mmol, 61%). 'H NMR (300 MHz,
D,0): 6 5.27 (H-1), 3.85 (H-4), 3.71 (H-3), 3.36 (H-2), 3.85 (H-5), 3.66 (OCHy), 3.95,
3.73 (H-6), 3.63 (OCH3), 3.53 (OCHs), 2.99 (CH,S), 2.05 (CH,CH,S). °C NMR (75
MHz, D,0): 8 100.5 (C-1), 80.7 (C-4), 83.6 (C-3), 83.0 (C-2), 73.6 (C-5), 72.4 (OCH,),
71.6 (C-6), 62.7 (OCH3), 60.9 (OCH3), 51.1 (CH;S), 27.5 (CH>CH3S). Anal. Calcd for
K-C77H133056S7-7H,0: C, 35.86; H, 5.74; S, 8.70. Found: C, 36.08; H, 5.45; S, 8.52.
Inverse detection CE: Mean DS (6.9).

Partial regioselective sulfopropylation of C-6 primary hydroxyls of 4A was
accomplished to give SA’ by following the same procedure as described above with

omission of 18-crown-6. The product was worked up in an identical fashion. Yield 69%.
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Inverse detection CE was employed to monitor the reaction as well as assess the

average degree of substitution of the final product (Tait et al., 1992). This has become a

popular approach for analysis of isomeric purity of sulfated CDs (Tait et al., 1992; Luna

et al., 1996; Luna et al., 1997a; Cai and Vigh, 1998; Maynard and Vigh, 2000; Zhu and
Vigh, 2000; Chen et al., 2001; Maynard and Vigh, 2001; Busby et al., 2003; Li and
Vigh, 2003; Zhu and Vigh, 2003; Li and Vigh, 2004b, a; Busby and Vigh, 2005a, b).
Using this method, however, Luna et al. have demonstrated that the molar response
factor of sulfobutyl ether-B-CDs (SBE-B-CDs) increases with degree of substitution
(DScg) (Luna et al., 1997a). Uncorrected integration of the CD bands will overestimate
DS for an SBE-B-CD (DScg 4.7 from CE compared to DSga 3.6 from elemental
analysis). However, the results presented here show much better agreement between
DScg and DSg4 for these selectively modified cyclodextrins (vide infra). Typical inverse
detection CE electropherograms of the purified reaction product SA’ obtained without
18-crown-6 show a mixture of multiply charged derivatives centered on DS 4 (DScg 4.1)

with 8% of the product containing CDs with DS 5 (Figure 3.21).
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Figure 3.21. Indirect UV  detection of heptakis(2,3-di-O-methyl-6-O-
sulfopropyl)cyclomaltoheptaose (KSPDM-B-CD). The upper inverse detection
electropherogram shows the product from the reaction without 18-crown-6 while the
bottom electropherogram is the product from the reaction using 18-crown-6. The
positive peak in both electropherograms is potassium ion from the CD-potassium salt.
The inverse band at ~180 s represents electroosmotic flow. The numbers beside the top
electropherogram are the different CD charged isomers which are separated uniformly
due to a systematic change in their size/charge with increasing degree of substitution.
BGE: 30 mM benzoic acid titrated to pH 6.0 with 0.1 M Tris base. For additional
conditions see Section 3.23

Elemental analyses (C, H, S) are consistent with a DSga of 3.8. In comparison, the
electropherogram of the product SA from the reaction incorporating 18-crown-6
indicates a predominance of DS 7 (DScg 6.9), with less than 10% of the mixture

containing DS <7 (Figure 3.21). Elemental analysis is consistent with a DSgs of 6.7 in

comparison.
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The 'H NMR spectrum of the purified 5A’ for the reaction omitting 18-crown-6 is

shown in Figure 3.22.

||||||||||||

|||||||||||||||||||||||||||

Figure 3.22. 'H NMR spectrum of KSPDM-B-CD (5A°), DScg 4.1 in D,0.

Poorly resolved H-1 anomeric signals typical of heterogeneous CD mixtures are

observed. A fully substituted symmetric CD should show 'H NMR integration ratio of

1:2 for the anomeric H-1 to sulfopropyl methylene protons, respectively. Integration of

methylene units of the sulfopropyl chain (2.02, 2.97 ppm) in comparison to the anomeric

signal (5.18-5.38 ppm) suggests a low DS. The poor resolution in this spectrum is

undoubtedly due to the mixture of multiply charged anionic cyclodextrins that result

from incomplete substitution of the primary hydroxyl groups. Additionally, a variety of
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positional isomers are possible for degrees of substitution 2—5, which further adds to the

heterogeneity of the product.

Due to the poor resolution of the 'H NMR of 5A’, the progge”sswqf Fh?,,,,r,,e,,a,c,tion, under

alternative conditions was monitored by '"H NMR in addition to inverse detection CE.
An aliquot of reaction mixture (~0.5% by volume) was added to 1 mL D,O to
decompose hydride. THF was removed by drying in vacuo at 70 °C for 15 min.

Of particular note in the development of the synthesis using 18-crown-6 was the
generation of a viscous layer in the reaction vessel that immediately deposited after a
threshold level of propane sultone was added to the reaction mixture. This gummy layer
only formed when the reaction was carried out in the presence of 18-crown-6. Using 'H
NMR reaction monitoring and slowly adding sultone, the NMR of the gummy layer
washed with THF immediately after it formed is shown in Figure 3.23 prior to addition

of a molar excess of sultone.
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Figure 3.23. 'H NMR reaction monitoring spectrum of (5A) from reaction using 18-
crown-6 immediately after formation of gummy layer but prior to addition of excess
propane sultone. The spectrum is representative of a sample obtained from the gummy
layer formed in THF after rinsing with fresh THF, briefly drying, and decomposing
hydride with NMR solvent.

Clearly based on resolved coupling the degree of substitution is approaching that of the
single isomer (DS 7) product. Notably, the peak at 5.27 ppm is characteristic of the fully
substituted Heptakis product SA whereas the peak at 5.23 ppm may be due to the
hexakis (DS 6) product (latter not verified). This substitution pattern does not appear to

have changed significantly after further reaction (data not shown). The lack of excess

sultone is apparent in this spectrum due to a lack of sultone byproduct peaks. An obvious
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impurity in the reaction mixture is 18-crown-6 represented by a singlet at 3.52 ppm and

residual THF at 1.83 ppm.

~ One clear conclusion from comparison of Figure 3.23 with Figure 3.22 is that the @~

reaction in the presence of 18-crown-6 is very rapid, since the sample from Figure 30
was obtained during the course of adding the final reagent. After 3 h following addition
of 3 equiv./ hydroxyl excess sultone in this reaction, an additional aliquot of the gummy
layer was obtained and a single peak showing typical well resolved coupling was noted

(Figure 3.24).

Vg \
/ \,, /‘/ J\
f AN

\ b TN,

»/ M
.. T T T
335 330 3.25

f1 (ppm)

5.25
f1 (ppm)

IR (U |V S Tt

||||||||||||||||||||||||||||||||||||||||||

34
f1 (ppm)

Figure 3.24. '"H NMR reaction monitoring spectrum of (5A) from reaction using 18-
crown-6 after addition of excess 1,3-propane sultone. The spectrum is representative of
a sample obtained from the gummy layer formed in THF.
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Clearly excess sultone pushed the reaction to completion. It is possible that this approach
could be used to optimize a minimum amount of excess sultone required for full
~ sulfoalkylation. This would simplify sample workup.

Acetone extraction and ultrafiltration steps were required for impurity removal and
representative 'H NMR spectra of the extract and ultrafiltrate eluent are shown in Figure

3.25.

A) Acetone Extract of (6A)
i . _
et e 2
5.4 4.9 4.4 3 29 2.4 1.9
B) Ultrafiltration Eluent of (5A)
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Figure 3.25. 'H NMR spectra of acetone and ultrafiltration waste showing selective
removal of impurities. A) Acetone extract and B) Ultrafiltrate eluent for the purification
of heptakis(2,3-di-O-methyl-6-O-sulfopropyl)cyclomaltoheptaose (5A). The NMR of the
acetone extract shows the characteristic 18-crown-6 singlet while the ultrafiltration
waste shows predominately sultone byproducts. Careful examination of the baseline in
the region of 3.3-5.3 ppm did not reveal the presence of any characteristic cyclodextrin
peaks in either spectrum.
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It is clear that acetone extraction primarily removes 18-crown-6 without concomitant
loss of CD as indicated by a lack of CD signal in the '"H NMR spectrum. In addition,
ultrafiltration removes sultone products and possibly some 18-crown-6 without loss of
CD. It should be mentioned that higher levels of 18-crown-6 (>2.4 equiv./hydroxyl)
during the reaction make purification more difficult by simple acetone extraction.
Indeed, when 3.6 equiv./hydroxyl of 18-crown-6 is used during reaction, acetone
extraction resulted in a significant loss of anionic CD into the acetone supernatant.
Ultrafiltration is additionally a poor choice for removal of 18-crown-6 as attempts at
extensive ultrafiltration without acetone extraction still resulted in the characteristic 18-
crown-6 signal in the 'H spectrum. For this reason 18-crown-6 was removed by an
alternative procedure for other single isomer CDs during product workup.

In contrast to the poorly resolved 'H signals for the spectrum of 5A’ shown in Figure
3.22, the '"H NMR spectrum of purified SA from the reaction in the presence of 18-
crown-6 (DScg 6.9) reveals a high degree of symmetry; especially sharp peaks with
well-defined couplings for H-1 at 5.27 ppm (d, J 3.3 Hz) and H-2 at 3.36 ppm (dd J 3.3,

9.9 Hz) are observed (Figure 3.26).
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Figure 3.26. '"H NMR spectrum of pure heptakis(2,3-di-O-methyl-6-O-sulfopropyl)-
cyclomaltoheptaose (SA), DScg 6.9 in D,0.

In addition, integration of the sulfopropyl methylene proton signals is in better
agreement with full substitution at the C-6 primary hydroxyl sites (ratio ~1:2 for H-1 at
5.27 ppm and -CH;S at 2.98 ppm). From CE analysis, this product consists of ~93% of
the highly symmetric heptakis-(KSPDM)-B-CD (5A) and ~7% of hexakis product

(Figure 3.21). The >C NMR spectrum is given in Figure 3.27.
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Figure 3.27. °C NMR spectrum of pure heptakis(2,3-di-O-methyl-6-O-sulfopropyl)-
cyclomaltoheptaose (5A), DScg 6.9 in D;0.

The use of DMSO-ds as solvent can provide additional '"H NMR diagnostic information
on the degree of sulfoalkylation of the C-6 primary hydroxyls. 'H NMR spectroscopy
with DMSO-d¢ can be used for detecting the presence of unreacted primary hydroxyl
groups. This is due to the ability of DMSO to significantly reduce the rate of exchange
of hydroxyl protons. The spectrum of a sulfopropylated product obtained with 1.2

equivalents/ hydroxyl 18-crown-6 (DScg 6.7) is shown in Figure 3.28.
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Figure 3.28. 'H NMR spectrum in DMSO-ds of heptakis(2,3-di-O-methyl-6-O-
sulfopropyl)cyclomaltoheptaose (5A). Product is from reaction using 1.2 equiv./
hydroxyl 18-crown-6. The triplet at 4.34 ppm is representative of unreacted C-6 primary
hydroxyl.

This spectrum reveals well-resolved H-1 and H-2 resonances, but the weak triplet at 4.36
ppm is indicative of the presence of unsubstituted primary hydroxyl. This triplet
remained undetected in the product with DScg 6.9.

Increasing amounts of 18-crown-6 were required to achieve a high degree of substitution

as shown in Table 3.1.
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Table 3.1. Effect of 18-crown-6 in reaction medium on the average degree of
substitution of KSPDM-B-CD, (5A). Percent in mixture and average DS was determined
by inverse detection CE.

,,,,,,,,,, Percentin
mmol OH of (4A) sulfopropyl groups mixture
0 4.1 0.1

3.9
21.6
37.8
28.6
7.1
0.9
6.5
40.5
53

1
28.9
70.1

7

93

1.2 6.5

24 6.7

3.6 6.9

NOINOO AN AN O O b WN -

More than 3.5 equivalents of 18-crown-6, based on the number OH groups, is required to
achieve a DScg of 6.9 in 24 h at room temperature. From a practical standpoint, this
amount of 18-crown-6 seems excessive, but the crown ether is recovered from the
acetone wash (Figure 3.25), and can possibly be purified and reused if necessary. It is
noteworthy that 18-crown-6 seems to be much more critical than time to the success of
the reaction. CE and NMR of aliquots taken during the course of the reaction indicates
the reaction is essentially complete within 1 h reaction time, with no detectable change
during the next 23 h. Addition of more crown ether after 24 h then results in a rapid
increase in the degree of substitution. 18-Crown-6 is known to effectively complex to

potassium ion in THF. By doing so, the solubility of the increasingly anionic KSPDM-f-
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CD 5A’ species (DS 1-7) in THF may be enhanced during the course of the reaction,
leading to a more substituted product. The 18-crown-6—potassium complex may also
some degree of potassium cation—oxyanion separation in THF. For some nucleophilic
ring-opening reactions, crown ether—metal complexes also stabilize the developing
negative charge on departing leaving group (Gobbi et al., 1995; Albanese et al., 2001).
The precise role of the 18-crown- 6 in our reaction requires further investigation.

During the development of the sulfoalkylation reaction, several alternative approaches to
18-crown-6 were investigated but not successful. The avoidance of 18-crown-6 would be
beneficial by minimizing product workup and thus maximizing recovery of KSPDM-f3-
CD. Polar aprotic solvents are beneficial for SN2 reactions. Reactions carried out in the
absence of 18-crown-6 in anhydrous DMF did not provide a highly substituted product
based on 'H NMR despite the increased polarity of DMF compared with THF.
Alternatively, Monflier et al. demonstrated that repetitive additions of excess 1,3-
propane sultone and KH over several days was necessary for significant sulf