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ABSTRACT

Synthesis of Heptakis-@-Sulfo-Cyclomaltoheptaose, a Single-lsomer Chirédtving
Agent for Enantiomer Separations in Capillary Higghoresis.
(December 2010)
Edward Tutu, B.S., University of Cape Coast; Mijversity of Minnesota

Chair of Advisory Committee: Dr. Gyula Vigh

Single-isomer sulfated cyclodextrins (SISCDs) haweven to be reliable,
effective, robust means for separation of enantisrbg capillary electrophoresis (CE).
SISCD derivatives used as chiral resolving agen@E can carry the sulfo groups either
at the C2, C3 or C6 positions of the glucopyranssbunits which provides varied
intermolecular interactions to bring about favoeabhantioselectivities.

The first single-isomer, sulfate@CD that carries the sulfo group at the C2
position, the sodium salt of heptakig2sulfo-3-O-methyl-6-O-
acetyl)cyclomaltoheptaose (HAMS) has been syntkdsiZhe purity of each synthetic
intermediate and of the final product was deterhibby HILIC and reversed phase
HPLC. The structural identity of each intermediatel the final product was verified by
1D, and 2D NMR, and MALDI-TOF mass spectrometry.

HAMS has been used as chiral resolving agent frGk separation of a set of
nonionic, weak base and strong acid enantiomensHi2.5 background electrolytes.

Rapid separations with satisfactory peak resolutiatues were obtained for the



enantiomers of most of the nonionic and weak basalyges. Typically, low
concentrations of HAMS were required to effect geadntiomer resolution.

The trends in the effective mobilities and separaselectivities as a function of
HAMS concentrations followed the predictions of ibaic strength-corrected charged
resolving agent migration model (CHARM model). HAM8owed poor complexation
with the anionic strong electrolyte enantiomers ¥anich no peak resolution was
observed. The separation patterns observed with 5S4l chiral resolving agent were
compared with those of othfrcyclodextrin analogues, including heptakisiznethyl-
3-O-acetyl-60-sulfo)f3-cyclodextrin (HMAS), heptakis(®-methyl-3,6-diO-sulfo){3-
cyclodextrin (HMdiSu), heptakis(2,3-@-acetyl-6O-sulfo){3-cyclodextrin (HDAS)

and heptakis(2,3-dd-methyl-6-O-sulfo)3-cyclodextrin (HDMS).
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NOMENCLATURE
Ac,O acetic anhydride
CE capillary electrophoresis
DMF N,N-dimethylformamide
DMSO dimethylsulfoxide
EOF electroosmotic flow
EtOAC ethylacetate
EtOH ethanol
MeOH methanol
Py pyridine
Pyr.SQ pyridine sulfur trioxide
SISCD single-isomer sulfated cyclodextrin
TBAI tetrabutylammonium iodide
TBDMS tert-butyldimethylchlorosilane

THF tetrahydrofuran
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CHAPTER|

INTRODUCTION

1.1 Enantiomers and Separation Techniques

It has been reported that among 523 natural andi-sgithetic drugs,
approximately 99% are chiral and about 98% of tlaeensold as a single isomer. In the
case of synthetic drugs, about 12% of them are a®lal single isomérEnantiomers can
have different biological or pharmacological adiviThus one enantiomer may be the
effective agent with a useful therapeutic valuejlevithe other enantiomer might be
inactive or active in a different way, contributitayside-effects, or be even toXi@hese
differences in the biological activity of enantiormestem from their different mode of
protein binding and transport, rate of metabolissnwall as mechanism of actidn.
Therefore, the pharmacological effects and metalpaithways for each enantiomer of a
new chiral drug must be thoroughly studied befoteisi approved for human
consumptior. However, in order to study these properties eiffebt, a suitable method
for separation of enanantiomers should be developed

Most common methods used in enantioseparation declyas chromatography
(GC)>® high performance liquid chromatography (HPLC),liding both normal and

reversed phase® ° ion-chromatograpHy and thin-layer chromatography (TLE):?

This dissertation follows the style Ahalytical Chemistry.



supercritical fluid chromatography (SF€J* and capillary electrophoresis (CE)
Though the separation efficiency of capillary GChigh, it is limited to the analysis of
volatile analytes or their derivatives. HPLC hasvdo separation efficiency than
capillary GC. The utility of TLC is limited by itlow separation efficiency and narrow
linear range in detection.

CE has proven to be a powerful tool for the sepawabf enantiomers. In
addition to its high resolving power and low congtion of sample and solvent, it
demonstrates flexibility with regards to using asftanging chiral resolving agenfs.
The main advantages of this technique includeth@)broad variety of chiral resolving

agents and (ii) the high efficiency attainable b§.'C

1.2 Fundamentals of Capillary Electrophoresis (CE)

In CE, molecules that are charged migrate undemthesnce of an electric field,
with a certain electrophoretic velocity, This velocity is proportional to the electric
field strength, E:

v=uE Q)

where the constant of proportionality, u, calleglcelophoretic mobility, is a function of
the ratio of the ionic charge (q) to the hydrodyrm@anadius (r) of the analyte ion, and

viscosity ) of the solution, expressed as:



U= (2)

Zone electrophoretic separation is based upon lgwtrephoretic mobility differences

among the analytes.

1.2.1 Significance of Electroosmotic Flow (EOF)

In CE, fused silica capillaries are most commordgdifor separation. When the
capillary is filled with background electrolyte (B the silanol groups on the surface
of the fused silica capillary partially dissocidtgming SiO and hydronium ions. The
extent of the dissociation of the silanol grouppatels on the pH of the BGE. Thus,
immobilized negative charges can be created omtiex wall of the capillary. In order
to maintain electric neutrality, some of the postions in the BGE are strongly
attracted to the wall forming a “fixed” or Sterryéa. The remaining cations which are
less-tightly held are in the diffused (Gouy-Chapinlayer farther out into the solution.
This leads to the formation of a double layer. Plogential at the shear plane between
the two layers is known as the zet§ | potential®® Upon application of a potential
across the length of the capillary, the solvatdwna in the diffuse layer migrate toward
the cathode at a constant velocity, dragging aliwey hydrated layer (bulk solvent

molecules). Thus, a bulk flow of the BGE, electmwotic flow, is obtained in the

capillary.



The electroosmotic velocitw{), relates to the permittivity of the mediun),(
the dielectric constantd), the zeta potential), the dynamic viscosity of the medium

(n), and the applied electric field strength (E)as:

l/eo - _ "90"9Z
7

E=u"E 3)
The negative sign is an indication of the directadrthe bulk flow toward the cathode.
The most pronounced property of EOF is its flaplug-like flow profile, compared to
the parabolic flow profile of pressure-driven flabserved in HPLG® This eliminates
the most significant band broadening mechanisnatedlto the parabolic flow profile
observed in HPLC, which leads to high separatidisiency in CE than in HPLC.

With a sufficiently high EOF, it is possible to det cations, anions and

uncharged molecules in a single CE run.

1.2.2 Significance of BGE

The BGE regulates the pH of the system in additonconducting electric
current for the separation of analytes. As suchEB@ust contain enough ions to
transport the electric current. Furthermore, theEBGust have significant buffering
capacity at the selected pHHWhen electric current is generated by the apjitinabf
voltage across the capillary, the temperature @fsthlution inside the capillary increases

due to Joule heating. As a result, the propertfethed BGE including its viscosity and



the mobility of the EOF are affected. According ¢ag., Ryslavy et af? Joule heat will
also cause temperature differencesl)( between the walls and the center of the
capillary. They reported thaAT depends on the electric field strength (E), the

conductivity of the solution (k) and the radiusioé capillary (r) as:

AT ~E% r? (4)

The radial temperature difference leads to a radihdcity distribution that causes extra
peak broadening which, in turn, decreases separatificiency and peak resolution.
From equation 4, low conductance BGEs and smadirmal diameter capillaries are
preferred.

The mobility of EOF depends on the pH and thedatiength ) of the BGEs.
Likewise, the effective mobility of an analyte dags on the ionic strength of the BGE

and the effective charge, z of the analyte as ssekby the equatidfi?®

K - exp-077)l 2 (5)

0

where, is the ionic mobility at infinite dilution. The iic strength’ of the BGE||, is

defined as

EEES ©®)



where c is the concentration and z is the chardkeoionic species of the BGE.
Charged analytes migrate with their observed migbilii®s which is a
combination of their effective electrophoretic mapj ue“, and the non-selective

electroosmotic mobility,*°, given by

obs

H = (7)

1.3 Chiral Resolving Agents Used in CE

Several chiral resolving agents have been usedEns€parations. Examples
include macrocyclic antibioticd;?° proteins®®* chiral crown ether& ** *jinear oligo-
and polysaccharidéd; *> and cyclodextrins (CDs). Although proteins and roeyclic
antibiotics are good chiral resolving agents, thdgorb on the capillary wall and also
absorb UV light. Linear oligosaccharides complexhvanalytes weakly compared with
cyclodextrins® ** Chiral crown ethers bind only enantiomers thattaion primary
amino groups which limits their applicability. Maneer, BGEs used for separations
involving chiral crown ethers are restricted toi@maé other than potassium and

ammonium ions® Up to daté’, CDs still remain the most dominant chiral resadyi

agents employed in CE enantioseparations.



1.4 Cyclodextrinsand Principle of Chiral Recognition

CDs are neutral, cyclic, non-reducing oligosacaesithat contain 6, 7 or 8 D
(+) - glucopyranose units bonded throumti,4-glycosidic linkaged’ CDs having 6, 7
and 8 glucopyranose units are calted3- andy-cyclodextrins, respectively. The native
CD, shown in idealized form in Figure 1 is a hallowuncated cone having an axial
cavity with primary hydroxyl groups around its r@aser rim and, secondary hydroxyl
groups on the opposite, wider rith.The outside of CD is hydrophilic due to the
presence of primary and secondary hydroxyl grougsch allow dissolution in the
aqueous BGE while the cavity of the CD is hydropbob The crystallographic
diameter of the hydrophobic cavity is 0.57, 0.78 &95 nm fora-, 3-, andy-CD,
respectively’® Chiral recognition in CDs comes from the five asyetric chiral carbon
atoms on each glucopyranose tfiEnantioselectivity, which is based on the formatio
of temporal diastereoisomer complexes can be raimad with the help of a three-point
interaction modet! Depending on the inner diameter of the cavityhaf €Ds and the
size of the enantiomer, the enantiomer can formt-gosst complexes in dynamic
equilibrium with CDs through full or partial incliss into cavities of the CDs.
Stabilization of these complexes is influenced teris parameters of the enantiomer,
and also by the possibility of creating intermolacunteractions, including van der
Waals, charge transfer typer1)), dipole-type, hydrophobic, hydrogen bonding or
electrostatic interactions between substituentshef CD and the enantioméfsThe

strength of interaction of the two enantiomers wilib CD molecule can be different



from each other, which leads to different complexatonstants. This, in turn, leads to

different electrophoretic mobilities and possiblg €eparation.

Top view Sidiew

Figure 1. Idealized structure Bfcyclodextrin

Accurate description of the chiral recognition maalsm is still lacking at the
molecular levef? though NMR spectroscopy and X-ray crystallographye been used

to provide direct evidence for the binding of efamiers to chiral selectofs.

1.5 Cyclodextrins as Chiral Resolving Agentsin CE
The advantages of CDs compared to other resolvganta include their UV
transparency and solubility in aqueous solutir@Ds used for enantioseparation in CE

include the native species as well as those madifith charged and non-charged



functional groups. Neutral CDs include natwe (3-, andy-CDs and those derivatized
with methyl, acetyl or hydroxypropyl groups. Nelt@Ds are, however, not applicable
for analysis of neutral enantiomers. Also, nativ@s@xhibit lower aqueous solubilities
compared to their functionalized derivatives: tbeibility of p—cyclodextrin is 16mNF
while 40mM® has been reported for heptakis(2,682dmethyl)$-CD. Carboxylic acids,
dialkyl- and trialkylamine derivatives are examptdsweakly acidic and weakly basic
charged CDs. The major limitation of these denest is that their charge state is pH
dependent’ Sulfated and sulfoalkyl ether CDs and quaternarnynanium CDs are
examples of strongly acidic and strongly basic gedrCDs. The charge state of these
permanently charged CDs is pH independent. Quatgrmmmonium CDs however do
adsorb onto the walls of the fused silica capillaiherefore, sulfated CDs are preferred
for CE separations.

Sulfated CDs that are commercially available areoan mixtures of isomers
with different degrees of substitution. For a givemantiomer pair, each CD isomer
exhibits a unique binding characteristics. As ailte# would be difficult to predict the
outcome of interactions with a particular analyta. addition, the possibility of
conducting a systematic study of chiral CE enarpasation at the molecular level as
well as robust method development would be hind&ted order to eliminate problems
associated with the randomly sulfated CDs, singterer, sulfated cyclodextrins

(SISCDs) need to be synthesized.
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1.5.1 Synthetic Strategiesfor Selective M odification of Cyclodextrins

Generally, SISCDs are made by adopting protectimdy deprotecting synthetic
schemes. It is reportétthat the selective functionalization of the prignand secondary
hydroxyl groups of CD is not trivial. However, sgal synthetic strategies have been
developed to selectively functionalize either b# primary hydroxyl group$or all the
secondary hydroxyl groups. These include: i) one step extensive per-funetiaation
of 6-hydroxyl groups; ii) two step bi-functionaltean of hydroxyl groups at C-2 and C-
6 positions with identical groups; iii) two step dification of the hydroxyl groups at C-
2 and C-6 with different substituents. Complexityte problem is increased if selective
functionalization of all the hydroxyl groups at tAgosition and none at the 3-position,
is desired. Methods available to achieve such obare often cumbersome or provide
low yield of the desired produtt.The hydroxyl groups at the 6-position witk4= 15-

16 are the most reactive due to low steric hindsranThe hydroxyl groups at the 2-

position are the most acidic with &pof 12.1. The hydroxyl group at the 3-position are
the least reactive and resist functionalizatiomishas been attributed to hydrogen bond
formation between the protons of the hydroxyl goap the 3-position and the oxygen

atoms of the hydroxyl groups at the 2-position.

The tert-butyldimethylsilyl (TBDMS) group has proved to be valuable
protecting group in CDs because it can be seldgtattached to the primary 6-hydroxyl
groups of CDS! Rong and D'Souza reported a new convenient strategy for
functionalization of the 2-position of CDs by Nadiform an alkoxide that readily reacts

with an electrophile. This strategy offers reglestive persubstitution of the 2-
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hydroxyl groups. Subsequent protection and deptiotecsteps can be performed to
allow the functionalization of hydroxyl groups irhet 3-position and 6-position,
independently of one another.

These regioselective persubstitution modificatieohhiques were exploited in

the synthesis of the novel SISCD described indtasertation.

1.5.2 Use of SISCD for Enantioseparation by CE

SISCDs are reliable and effective resolving agerits robust CE
enantioseparatiorn. Several SISCDs have been synthesized and emplinyethe
electrophoretic separation of enantiomers includiagids, bases, neutrals and
ampholytics using different concentrations of Cd aH in aqueot$ and methanoli®
BGEs. Heptakis(2,3-dD-acetyl-60-sulfo)$-CD,>° heptakis(69-sulfo)B-CD ° and
heptakis(2,3-di®-methyl-6-0-sulfo)B-CD °* analogs were the first SISCDs used for CE
enantioseparations. Further research led to thelalement of the corresponding®” %%
®3 and y-CD*®’ derivatives. Recently, the first set of SISCDsryiag non-identical
substituents at all the C2, C3, and C6 positioamely heptakis(Z-methyl-3-O-acetyl-
6-O-sulfo)3-CD®® and heptakis(B-methyl-6-0-sulfo)3-CD*® were reported. Another
derivative carrying sulfate groups at both the @8 €6 positions, heptakis@-methyl-
3,6-di-O-sulfo)3-CD has been synthesized and its enantiorecogribravior has also
been investigatetf. All these derivatives thus far carry the sulfateup at either the C3

or C6 positions. In order to have a better undedsiey of the role of the sulfate moiety
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in enantiorecognition, SISCDs that carry the selfgtoup exclusively at C2 position of

the glucopyranose units have to be synthesized.

1.5.3 SISCDs and Separation Models

To better understand the different factors (inatgditype of CD, the
concentration of CD and pH) involved in enantioggmtion and also aid method
development for CE enantiomer separations, two mépeoretical models were
developed. The first model, reported by Wren anevé&b6’* for neutral cyclodextrins
and based on secondary equilibria, showed that difference in the apparent
electrophoretic mobility between enantiomers isitesd to the differences between the
complexation contants of the enantiomers, the ni@silof the free and the complexed

analytes, and the concentration of the chiral x@sglagent expressed as:

Au = [C](tul _tuz)( K, - K])

= > (8)
1+[CI(K, + Ky) + KK Q

where Ap is the apparent mobility difference between thentiomers, C is the
concentration of the chiral selectpy, is the mobility of the analyte in free solutiqn,is

the mobility of the analyte-chiral selector complxdK; andK, are binding constants
of the enantiomers. From equation 8, they indicdted there exits an optimum CD

concentration expressed as a function of the tvem@mmer-CD binding constants as:
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[ = ©)
K1K2

where K; and K, are the binding constants for the enantiomer-Cihplexes. This
model was verified experimentally by nati§eCD and randomly methylatgiCD. This
approach considers mobility difference rather thaak resolution.

Major limitation of the model include the exclusiaf important operational
parameters such as pH of the BGE, electric figkehgth and electroosmotic mobility.

The second model, called the Charged ResolvingnAdéigration model
(CHARM model) developed by Williams et Hlfor the rational, predictable design of
the separation of chiral weak electrolyte (inclydweak acids and weak bases) and
neutral analytes with charged chiral resolving ageakes into account the effect of pH
on separation selectivity. This secondary equitibeaed model looks at resolution and
separation selectivity as a function of the coneiun of the charged single-isomer
cyclcodextrin (CCD) and pH of the BGE. For a 1:Ingdex between the CCD and the

analyte, the resulting effective mobility of onetbé enantiomers can be expressed as:

— Mz + HreoK red CO + K HyQ( #e HoireK 1rdoCD) (10)
1+ K peolCD] + K HyQ( 1+ Ky C)

eff
Hr

where tFr and tLrep, 1 vr and (Purep are the ionic mobilities of the uncomplexed and

fully complexed speciesrcpandKyrcp are the complexation coefficients for the non-
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protonated and the protonated forms of the enamtipk is the acid dissociation
constant for the enantiomer, ands{3 and [CD] are the concentrations of the
hydronium ion and the resolving agent.

Separation selectivityg, for a given enantiomer pair, offered by a patac €D

concentration is described as:

eff

_H (11)

eff

H

where subscripts 1 and 2 refer to the more andntegsle enantiomer, respectively. In
an ideal CE system, where peak dispersion is causgdy longitudinal diffusion, peak

resolutior’ is expressed as:

R = [ELe  Ja-a+ A\ 42" V2" 12

Here, E is the electric field strength, k is thdtBman contant, gs the electric charge,
T is the absolute temperature, | is the capillangth from injector to the detector®"as
the effective charge of the solutes, ghds the normalized electroosmotic mobility

calculated as:
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€0

p=r (13)

H,

Thus, peak resolution depends enf and £ as shown in Figure 2. In addition to
selectivity optimization, the key to the developineh enantiomer separations lies in
optimizing the B term through the use of a coated capillary andppropriate
background electrolyte constituents. By optimizth@nd knowing the dependenceonf

and " on the composition of the BGE, resolution can tftieved.

N
o
Resolution

0 -
otic mob\\\ty

2
4
-6Nor malized dect

Figure 2. Peak resolution surfaces for 7-charged Bcharged cyclodextrins as a

function of separation selectivity and normalizésteroosmotic mobility
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According to equation 12 when all other parametars equal, resolution
increases with the square root §f zThe three-dimensional resolution surface in Fégur
2 indicates that resolution increases with the otiffe charge as long as the other
parameters remain the same. Under identicaand Z", peak resolution increases
towards infinitely high values g8 approaches -1. As long as the cyclodextrin shows
some selectivity for the enantiomers, peak resmiutein be improved by optimizifiat
the expense of increasing analysis time. It alsowshthat initially, peak resolution
increases linearly with.

According to the predictions of the CHARM modelreth types of enantiomer
separations are possible for weakly basic and @cidhalytes: ionoselective,
desionoselective and duoionoselective separationsselective separation occurs when
only the dissociated forms of the enantiomers cempklectively with the charged CD.
On the other hand, desionoselective separatiorchgeved when the nondissociated
forms of the enantiomers complex selectively witle tharged CD. When both the
dissociated and nondissociated forms complex sedbgt with the charged CD,
duoselective separation is achieVédeak resolution, according to the CHARM model
for weak electrolytes, depends on the pH of the B&& ionoselective separation of
weak bases and desionoselective separation of a®d&, peak resolution is high at low
pH. For desionoselective separation of weak basdsamnoselective separation of weak
acids peak resolution is high at high pH. Peaklotiem for duoselective separation of
both weak acids and weak bases is high at bothalea high pH. For neutrals and

permanently charged analytes, peak resolution sahre similar at all pH values.
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Practically, the most efficient approach to chitéf separation method development is
the use of only two stock BGEs: one at low pH areldther at high pF.

This dissertation will discuss the synthesis araratterization of the first single-
isomer sulfated CD that carriers the sulfate grexidusively at C2 position, heptakis(6-
O-acetyl-30-methyl-2-O-sulfo){f3-CD. The possibility for unique separation selatfiv
offered by charged sulfate groups on the chirat faicthe cyclodextrin is of particular
interest. A single-isomer, 2-sulfated CD would daddthe arsenal of chiral resolving
agents available for separations and permit thdystd selectivity and resolution for
various enantiomers, and aid in the rational desigehiral separations according to the

CHARM model.
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CHAPTERII
SYNTHESISAND CHARACTERIZATION OF HEPTAKIS(2-O-SUL FO-3-O-

METHYL-6-O-ACETYL)CYCLOMALTOHEPTAOSE (HAMYS)

Single-isomer CD derivatives used as chiral resglvagents in capillary
electrophoresis can carry the sulfo groups eithéreaC2, C3 or C6 positions. There are
no reports on the synthesis or use of a single-esayclodextrin that carries the sulfo
moiety at the C2 position. This chapter descrilbessynthesis of the first single-isomer
B-CD derivative that is sulfated at the C2 positithrg, sodium salt of heptakis@-sulfo-

3-0O-methyl-6-0-acetyl)cyclomaltoheptaose (HAMS).

2.1 Materialsand General Methods

B-cyclodextrin was purchased from Cerestar, (Cedapid®, IA). tert-
Butyldimethylsilyl chloride (TBDMS) was obtainedofn FMC Lithium Div. (Bessemer
City, NC). Imidazole (Im) was obtained from Chembwp (Wood Dale, IL).
Tetrabutylammonium iodide (TBAI), sodium hydride 086 dispersion in oil),
iodomethane and sulfur trioxide pyridine complexrevepurchased from Aldrich
Chemical Co. (Milwaukee, WI). Hydrofluoric acid, edic anhydride and all reaction
solvents were obtained from Mallinckrodt Chemical St. Louis, MO). Activated, 4A-
molecular sieves from Fischer Scientific, Inc. (FBavn, NJ) were used to dry the
solvents. For some of tifeCD intermediates, progress of the reaction wasitoi@d by

aluminium backed Silica-60 TLC plates, obtainedrfre.M. Science (Gibbstown,NJ). A
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staining solution, composed of 36gnapthol, 140 ml conc. sulfuric acid, 420ml ethanol
and 88ml deionized water was used to visualizesspbthe cyclodextrin derivatives.
Visualization was accomplished by dipping the depetl TLC plates into the staining
solution, then heating them in an oven at 110°C lf@rminutes. An HPLC system
containing a programmable solvent delivery modué { Beckman-Coulter, Fullerton,
CA), a Sedex Model 55 evaporative light scattedetector (S.E.D.E.R.E., Alfortville,
France), and an AD 406 data acquisition system abpeérunder Gold 8.1 software
control (Beckman-Coulter) running on a 486DX4 peedocomputer (Computer
Associates, College Station, TX) was used to estatthe purity of all intermediates.
Separations were obtained on a 4.6 mm |. D. x 2B0amnalytical column packed with a
5um Luna C18 stationary phase (Phenomenex, Torra@ég, The purity values
reported in this dissertation were calculated whnassumption that the response factors
of the evaporative light scattering detector were same for all CD isomers. The
progress of the sulfation reaction and the puritythe sulfatedp-CD product were
monitored by hydrophilic interaction chromatogragfiLIC) using a 4.6 mm I. D. x
150 mm analytical column packed with gun8 Luna HILIC stationary phase
(Phenomenex, Torrance, CA).

'H, ¥*C and DEPT NMR spectra were obtained on Varian 800 500 MHz
UnityPlus Spectrometers equipped withH**FF*PA3C quad probe, using VnmrJ 2.2
C/D and Red Hat Linux softwares. 2-D NMR experinseimcluding™H-'H correlation
spectroscopy'H-*H COSY) and'H-*C heteronuclear correlation spectroscopy were

used for assignment of the proton and carbon sgnal
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The molecular mass of the intermediates was oldaimg high resolution
MALDI-TOF-MS. A Voyager Elite XL TOF mass spectrotae equipped with delayed
extraction capability (PerSeptive Biosystems, Fragham, MA) and operated in
reflectron mode with an acceleration voltage ok®5 70% grid voltage, 0.035% guide
wire voltage, and a delay time of 188, was used to collect the high-resolution mass
spectra. The analytes were spotted onto a Tefloyettgplate using the dried droplet
method’®> The matrix was prepared by dissolving 10 mg 2tdiBdroxyacetophenone
(THAP) in 1 mL acetonitrilé®

The molecular mass of the final product was obthibg ESI-TOF-MS with a
Vestec Model 201-A single quadrupole mass spectimequipped with a Vestec
electrospray ion source (PerSeptive Biosystemse Shmple was prepared at a
concentration of 2 mg/mL in an acetonitrile : waltet (v/v) solvent mixture.

All electrophoretic measurements were made using/&CE 5010 system
(Beckman-Coulter) equipped with a variable wavelendV detector operated at 214
nm and a 26.4 / 19.6 cm long, @B I. D. bare fused silica capillary column (Polymoic
Technologies, Phoenix, AZ). The applied potentiabwaried between 5 and 25 kV. The
cartridge coolant of the P/ACE 5010 was thermodtate20C. The P/ACE 5010 system

was interfaced with a 486DX-66 IBM personal compute

2.2 Synthesisand Characterization of HAMS
Regioselective protection and deprotection methadsre employed for

functionalization of the hydroxyl groups at theand 6-C positions ¢i-CD. HAMS
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was synthesized according to the scheme showrguré-i3. The details of the synthetic

procedure are outlined in the Appendix.

HO 6 OTBDMS HO 6 OTBDMS
TIBDMSCL EtOAc o BenzylBr. NaH, TBAI o
].m.ld'izole DMF 3 THF, DMF 3

HO 2 0 Bno 2 0
i } :
7 = = 7
CHLL | NaH
THF
MeO_ 6 JOAc MeO
Ac,0, Pu1d1ne « HEEtOH _ MeO 6 ,OTBDMIS
3
BnO 2 BnO 2 BnO 2
7 7 = ?

H,,|Pd/C. MeOH, Dioxane

MeO 6 JOAc

) 6 0Ac
19 1. PyrSO, Py DMF I/%\
;
V'lHCO: H,O Na0,S0 2

HAMS

Figure 3. Synthesis scheme for HAMS
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2.2.1 Heptakis(6-O-t-butyldimethylsilyl)cyclomaltoheptaose, I nter mediate (1)

According to a modified procedure of Takéahe primary hydroxyl groups at
the C-6 positions of3-CD were reacted in DMF with-butyldimethylchlorosilane
dissolved in ethyl acetate. The progress of theti@awas monitored by isocratic non-
aqueous RP-HPLC using a 5um Luna, C18 column attd: 880 MeOH : EtOAc mobile
phase at a flow rate of 2 ml/min, at ambient terapge. ImHCI generated in the
reaction was filtered out at the end and the sdlveas removed under vacuum. The
crude product was recrystallized from a DMF/acetvater solvent mixture and dried in
vacuo. The isomeric purity of intermediatéd) (was > 99%. Figure 4 shows a
chromatogram of the recrystallized product overlaith a chromatogram of the mother
liquor.

'H and *C NMR spectra are shown in Figures 5 and 6, resmégt Peak
assignments were determined from the DEPT and 2mional'H-'H COSY and'H-
3%C HMQC NMR spectra shown in Figures 6, 7 and 8peetively.'H NMR data in
CDCls: 0 6.73, 5.27 (singlet, exchangeable, OH-3 and OR>2)89 (doublet, 7 H,1}
= 3.5 Hz, H-1);0 4.03 (triplet, 7 H, 31, = 9.0 Hz, H-3);0 3.90 (doublet, 7 H,cy = 10.8
Hz, H-6); 3.71 (doublet, 7 H,sds = 10.8 Hz, H-®); d 3.63 (multiplet, 14 H, H-2,5%
3.55 (triplet, 7 H, 43 = 9.0 Hz, H-4);0 0.86 (singlet, 63 H, Si(CHu(C(CH3)3)); 6 0.04

andd 0.03 (two sets of singlets, 42 H, SHE)2(C(CH)s).
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13C NMR data in CDGt 5 102.13 (C-1) 81.89 (C-4) 73.73 (C-2)d 73.53
(C-3); & 72.67 (C-5); 8 61.75 (C-6); & 26.04 (Si(CH)x(C(CHa)3); & 18.41
(Si(CHg)2(C(CHa)3)); 8 -4.93, -5.05 (SH3)2(C(CHg)a)).

The'H-'H COSY and'H-*C HMQC NMR spectra show the proton and carbon
contour signals that correspond to the glucopyrarsabunits. The portion belonging to
the t-butyldimethylsilyl group was omitted, because # far away from those
corresponding to the glucopyranose units, and eaasbigned unambiguously.

High resolution MALDI-TOF mass spectrometry was dide determine the
molecular mass of intermediaté).( The N& and K ion-adduct portion of the mass
spectrum of intermediatel) is shown in Figure 9. The calculated monoisatapiz
values for the Naand K ion-adducts are 1955.96 and 1971.94 and agreewitblithe
values obtained using MALDI-TOF-MS, 1955.61 and .85, indicating the presence

of severt-butyldimethylsilyl groups on intermediat#)(
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2.2.2 Heptakis(2-O-benzyl-6-O-t-butyldimethylsilyl)cyclomaltoheptaose,
I nter mediate (2)

Attempts to use a benzyl moiety as a protectingigror the hydroxyl group at
C2 with BaO and Ba(OH)as bases in DMF lead to: i) long reaction timeh{18i)
incomplete substitution at the C2 positions angl fioor regioselectivity over the
hydroxyl groups at the C3 positidfisvhich, in turn, require extensive purificationtb
product. Instead, the procedure reported by RongziBouza® that relies on NaH as
the base was adopted. Thus, the secondary hydgmayps at the C2 position were
reacted in THF, at room temperature, with benzgihtide using NaH as the base and
TBAI as the catalyst. A conversion rate over 809 wehieved under 3 hours. Progress
of the reaction was monitored by isocratic non-aggeRP-HPLC using a 5um Luna,
C18 column and a 55 : 45 MeOH : EtOAc mobile phaseg flow rate of 2 ml/min, at
ambient temperature. The reaction was quencheddding methanol to the reaction
mixture. The Nal precipitate was filtered and tlkeaation solvent was removed under
reduced pressure. The crude product was dissolvetichloromethane and the target
material precipitated out of solution with methanbhe isomeric purity of the product
was determined to be greater than 99 %. Selecaneyation of the hydroxyl group at
the C-2 position over the C-3 position was greatfiluenced by the amount of excess

NaH used in the reaction.
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Figure 10 shows a chromatogram of thleystallized product overlaid with a
chromatogram of the mother liquor.

The structure of intermedia® Was verified by high-resolutioid and**C NMR
spectroscopy. Peak assignments for'theand*C NMR spectra shown in Figures 11
and 12 were determined by DEPT and 2-dimensibddH COSY and'H-*C HMQC
NMR spectroscopy (spectra shown in Figures 12 ntB1a, respectively}H NMR data
in CDCl;: & 7.40-7.30 (multiplet, 35 H, Phy;4.97 (doublet, 7H, J = 11.5 Hz, GPh); §
4.93 (singlet, exchangeable, OH-8)4.77 (doublet, 7 H,1} = 3.5 Hz, H-1);6 4.72
(doublet, 7H, J = 11.5 Hz, GRh); 3 4.01 (triplet, 7 H, sls = 9.0 Hz, 3, = 9.5 Hz, H-3);
0 3.86 (doublet, 7 H,el = 10.5 Hz, H-6);0 3.61 (doublet, 7 H,sds = 9.5 Hz, 4 =
10.5 Hz, H-&); 6 3.55 (doublet, 7 H;s} = 9.5 Hz, d¢ = 9.5 Hz, H-5) 3.55 (triplet, 7
H, 13=9.0 Hz, 45= 9.5 Hz, H-4);d 3.33 (doublet of doublets, 7 H,1J= 3.5 Hz, d3=
9.5 Hz, H-2);6 0.84 (singlet, 63 H, Si(CHL(C(CH3)3)); 6 -0.02 and -0.03 (two sets of
singlets, 42 H, Si(B3),(C(CHs)s). **C NMR data in CDGt & 137.88 (Gy); d 128.85
(Cpp); 0 128.49 (Gp); 6 128.02 (Gr); & 101.36 (C-1);5 82.21 (C-4);5 79.15 (C-2);d
74.09 CH.Ph); & 73.72 (C-3); 8 71.78 (C-5); & 61.85 (C-6); & 26.04

(SI(CHz)2(C(CHa)s)); 6 18.40 (Si(CH)2(C(CHs)3)); 3-4.98, -5.09 (SEHs)2(C(CHs)s)).
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The 'H-'H COSY and'H-**C HMQC NMR spectra show only the signals that
correspond to the glucopyranose subunits. The grotielonging to the aromatic ring
was omitted because it is far away from the portomnresponding to the glucose
subunits, and can be unambiguously assigned. Thenaece position of C-2 in
intermediate 1) shifted from 73.73 ppm to 79.12 ppm in intermé&ali&), which is
significant compared to the shift observed fordkiger carbon atoms. This indicates that
the benzyl group was attached at the C-2 position.

High resolution MALDI-TOF mass spectrometry was dide determine the
molecular mass of intermediatg).( The Nd and Kion-adduct portion of the mass
spectrum of intermediate)(is shown in Figure 15. The calculated monoismtaop/z
values for the Naand K ion-adducts, 2586.29 and 2602.27, agree well thighvalues
obtained by MALDI-TOF-MS, 2586.58 and 2602.55, igading the presence of seven

benzyl groups on intermediat?) (
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2.2.3 Heptakis(2-O-benzyl-3-O-methyl-6-O-t-
butyldimethylsilyl)cyclomaltoheptaose, I nter mediate (3)

Methylation of intermediate2] was accomplished in THF using methyl iodide
and sodium hydride, at room temperature, follonengodified procedure reported by
Cai and coworker§. The reaction was monitored by TLC using a develgpsolvent
mixture of hexane : EtOAc 8 : 1. The reaction waerghed by methanol and the
solvent was removed under reduced pressure. Thee cpwoduct was digested in
dichloromethane and Nal was filtered. The crudedpct was recrystallized from a
mixture of ethanol and #. The purity of the final product was determingdidocratic
non-aqueous RP-HPLC using a 5um Luna, C18 colundnaab5 : 45 MeOH : EtOAc
mobile phase, at a flow rate of 2 ml/min, at ambtemperature. The isomeric purity of
the product was determined to be greater than 9@idare 16 shows a chromatogram of
the recrystallized product.

Structural identity of intermediat@)was established by high-resolutitit and
13C NMR spectroscopy. Peak assignments for'theand **C NMR spectra shown in
Figures 17 and 18 were determined by DEPT and 2uional*H-'H COSY and'H-
13C HMQC NMR spectroscopy (spectra shown in Figui@s1D and 20, respectively).
'H NMR data in CDG} & 7.42-7.25 (multiplet, 35 H, Ph§ 5.22 (doublet, 7 H,13 =
3.5 Hz, H-1);6 4.79 (doublet, 7H, J = 12.0 Hz, @Ph); & 4.72 (doublet, 7H, J = 12.0
Hz, CHPh);d 4.13 (doublet, 7 H,e = 9.5 Hz, H-6);0 3.79 (triplet, 7 H, 43 = 9.0 Hz,
H-4); 6 3.68-3.63 (multiplet, 21 H, H-3, H-5, H}6d 3.54 (singlet, 21 H, C§); 6 3.32

(doublet of doublets, 7 Hp.d= 3.5 Hz, H-2) 0.86 (singlet, 63 H, Si(CHL(C(CH3)3));



40

5 0.12 andd 0.00 (two sets of singlets, 42 H, Si§),(C(CHs)s). *C NMR data in
CDCls: 3 139.06 (Gp); & 128.22 (Gp); 8 127.65 (Gr); 8 127.33 (Gr); 8 98.44 (C-1)d
82.24 (C-3);5 79.97 (C-2) 78.47 (C-4)D 72.53 CH,Ph)3 72.36 (C-5)3 62.45 (C-6);
5 61.59 (GH3); & 26.06 (Si(CH)2(C(CHx3)3)); & 18.44 (Si(CH)2(C(CHa)a)); & -4.71, -
5.05 (SiCHz3)2(C(CH)s3)).

The *H-'H COSY and’H-C HMQC NMR spectra show only the signals
corresponding to the glucopyranose subunits. shtfie resonance position observed for
C-3 (to 82.24 ppm in intermediat8) (from 73.72 ppm in intermediat@){ indicated the
attachment of the methyl group at the C-3 position.

High resolution MALDI-TOF mass spectrometry was dide determine the
molecular mass of intermediat8).( The Nd and Kion-adduct portion of the mass
spectrum of intermediate) is shown in Figure 21. The calculated monoismtaop/z
values of the Naand K ion-adducts of 2684.40 and 2700.38 agree well thighvalues
obtained using MALDI-TOF-MS, 2684.46 and 2700.3@spectively, indicating the

presence of seven methyl groups on intermed&te (
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2.2.4 Heptakis(2-O-benzyl-3-O-methyl)cyclomaltoheptaose, | nter mediate (4)
Intermediate §) was desilylated using 48% aqueous HF added taoxtura of
THF and ethanol, in 24 hrs at room temperature. fEaetion was monitored by TLC
using a mobile phase of 50 : 10 : 1 CEICIMeOH : HO. Once desilylation was
complete, NaOH dissolved in aqueous ethanol wasdtll neutralize the excess HF.
The NaF precipitate was filtered and the solvens waanoved under reduced pressure.
The crude product was recrystallized from acetdifee isomeric purity of the final
product, which is greater than 98 %, was determimgdsocratic aqueous RP-HPLC
using a 5um Luna, C18 column and a 95 : 5 MeOHQ hhobile phase, at a flow rate of
2 ml/min, at ambient temperature. Figure 22 showlramatogram of the recrystallized
product. The structure of intermediaty (vas confirmed by high-resolutidti and*°C
NMR spectroscopy. Peak assignments forthand"*C NMR spectra shown in Figures
23 and 24 were determined by DEPT and 2-dimensibiddiH COSY and‘H-*C
HMQC NMR spectroscopy (spectra shown in Figures2and 26)'H NMR data in
CDCl3: & 7.43-7.27 (multiplet, 35 H, Ph§ 5.03 (doublet, 7 H,1} = 3.5 Hz, H-1);5
4.87 (broad, exchangeable, OH-&)4.78 (doublet, 7H, J = 12.0 Hz, GPh); 6 4.71
(doublet, 7H, J = 12.0 Hz, GHh); d 3.94 (doublet, 7 H,sk = 10.0 Hz, H-6);0 3.85-
3.82 (multiplet, 14 H, H-5, H-§ 0 3.61 (triplet, 7 H, 31, = 9.0 Hz, H-3);0 3.56-3.52

(multiplet, 28 H, H-4, CHl ); 0 3.46 (doublet of doublets, 7 H,1= 3.5 Hz, H-2).
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13C NMR data in CDGt 5 138.83 (Gr); 8 128.34 (Gp); 8 127.76 (Gr); 0 127.56 (G);
399.32 (C-1)5 82.10 (C-3) 80.01 (C-4) 79.30 (C-2) 72.82 CH,Ph); 5 72.66 (C-
5); 561.52 (C-6) 61.40(CHs).

The *H-'H COSY and'H-*C HMQC NMR spectra (Figures 25 and 26) show
only the signals that correspond to the CD backbdngure 23 clearly shows the
complete removal of thiebutyldimethylsilyl group at the C-6 position fromtermediate
(3) while the benzyl and methyl groups at the C-2 @r@l positions remain intact.

High resolution MALDI-TOF mass spectrometry was dide determine the
molecular mass of intermediatd).( The Nd and Kion-adduct portion of the mass
spectrum of intermediatet) is shown in Figure 27. The calculated monoisiatop/z
values for the Naand K ion-adducts are 1885.80 and 1909.77, and agrdewitklthe
values obtained using MALDI-TOF-MS, 1885.78 and 498, respectively, indicating

the complete removal of théutyldimethylsilyl groups from intermediat8)(
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2.2.5 Heptakis(2-O-benzyl-3-O-methyl-6-O-acetyl)cyclomaltoheptaose, | ntermediate
)

Acetylation of intermediate4] was carried out in pyridine at 50°C for 2.5 h, in
the presence of excess acetic anhydride followingaalified procedure reported by
Vincent et af® Reaction progress was monitored by isocratic RRGBsing a 5pm
Luna, C18 column and a 95 : 5 MeOH s(Hmobile phase at a flow rate of 2 ml/min, at
ambient temperature. Upon completion, the reacBolvent and acetic acid were
removed under vacuum. The crude product was disdadlv CHCI, and the target was
precipitated with hexanes. The product was driedaicuo to yield intermediat®) as a
white powder at 99 % isomeric purity. Figure 28 whoa chromatogram of the
recrystallized product.

The structure of intermediat&)(was confirmed by high-resolutioitd and**C
NMR spectroscopy. Peak assignments forthand"*C NMR spectra shown in Figures
29 and 30 respectively were determined by DEPT2adinensionalH-'H COSY and
'H-1%C HMQC NMR spectroscopy (spectra shown in Figurés 31 and 32,
respectively)!H NMR data in CDGJ: 5 7.46-7.29 (multiplet, 35 H, Phy;4.93 (doublet,

7 H, 3.o,=3.5Hz, H-1);5 4.77 (singlet, 14 H, CHPh); d 4.45 (doublet, 7 H,sy = 8.5

Hz, H-6);
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0 3.61 (doublet of doublets, 7 Hy.d = 4.5 Hz, 4. = 8.5 Hz, H-®); 6 3.55 (doublet of
doublets, 7 H,sls = 4.5 Hz, 44 = 9.5 Hz, H-5);0 4.01 (triplet, 7 H, 51, = 9.0 Hz, > =

9.5 Hz, H-3);0 3.57 (singlet, 21 H, C§l); 6 3.51 (triplet, 7 H, 3= 9.0 Hz, 45=9.5

Hz, H-4); d 3.33 (doublet of doublets, 7 Hz.4J= 3.5 Hz, d3 = 9.5 Hz, H-2);5 2.06

(singlet, 21 H, CHCO).*C NMR data in CDGt 5 170.63 (CHCO); 5 138.76 (Gr); d

128.39 (Gn); 8 127.93 (Gp); 3 127.71 (Gr); 8 99.75 (C-1):5 81.88 (C-3):5 80.89 (C-
4); 6 79.40 (C-2)d 73.05 CH2Ph); d 69.87 (C-5)1 63.49 (C-6)d 61.64 (CH); 6 20.92

(CHCO).

The*H-'H COSY and'H-*C HMQC NMR spectra (Figures 29 and 30), show
only the signals corresponding to the glucopyrarmgainits and indicate the presence
of acetyl groups connected to the C-6 positions.

High resolution MALDI-TOF mass spectrometry was dide determine the
molecular mass of intermediatb).( The N& and K ion-adduct portion of the mass
spectrum of intermediaté) is shown in Figure 33. The calculated monoisiatop/z
values of the Naand K ion-adducts are 2179.87 and 2195.84, which agedkewith
the values obtained using MALDI-TOF-MS, 2179.89 aB#l95.90, respectively,

indicating the presence of seven acetyl groupsitenmediate ).
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2.2.6 Heptakis(3-O-methyl-6-O-acetyl)cyclomaltoheptaose, | nter mediate (6)

Debenzylation of intermediateS)( was accomplished following a modified
version of the procedure reported by Angibeaud.& Zhe reaction was carried out in a
1:1 mixture of anhydrous MeOH and dioxane, using 12d on activated charcoal as a
catalyst, in an atmosphere of.HReaction progress was monitored by RP-HPLC uaing
5um Luna, C18 column and gradient elution at a flae of 1 ml/min. The initial
mobile phase composition was 80 : 200H ACN that was changed to 2 : 98(H:
ACN in 15 min, at 40°C. Upon completion of the teat, the catalyst was filtered and
the reaction solvent was removed under reducedsymres The crude product was
dissolved in CHCI, and precipitated with hexanes to yield intermexli@) as a white
powder of 98% isomeric purity. Figure 34 shows eonfatogram of the recrystallized
product.

The structure of intermediaté)(was confirmed by high-resoluticitd and**C
NMR spectroscopy. Peak assignments forthand"*C NMR spectra shown in Figures
35 and 36, respectively, were determined by DERir2adimensionatH-'*H COSY and
'H-1%C HMQC NMR spectroscopy (spectra shown in Figurés 37 and 38,
respectively)'H NMR data in CDG): & 4.93 (doublet, 7 H,.} = 3.5 Hz, H-1);5 4.63
(doublet, 7 H, d¢ = 10.5 Hz, H-6);0 4.50 (doublet, 7 H, ¥ 9.5 Hz, OH-2);0 4.06
(doublet of doublets, 7 Hgd = 5.5 Hz, 46 = 10.5 Hz, H-&); d 4.01 (doublet of
doublets, 7 H, sk = 5.5 Hz, 44 = 9.5 Hz, H-5);0 3.73 (singlet, 21 H, C§); d 3.66
(doublet of triplets, 7 H,>} = 3.5 Hz, d3= 9.5 Hz, H-2);6 3.52 (triplet, 7 H, 31, = 9.5

Hz, 3, = 9.5 Hz, H-3);5 3.45 (triplet, 7 H, ds = 9.5 Hz, ds = 9.5 Hz, H-4);5 2.06
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(singlet, 21 H, CHCO). **C NMR data in CDG} & 170.69 (CHCO); & 103.37 (C-1)p
83.09 (C-3);5 80.21 (C-4)p 73.76 (C-2) 70.41 (C-5) 62.89 (C-6)D 59.69 (CH); &
20.84 (GH5CO).

The'H-'H COSY and'H-**C HMQC NMR spectra (Figures 37 and 38) show
only the signals that correspond to the glucopysensubunits. ThéH and**C NMR
spectra, Figures 35 and 36, respectively, show dlathe benzyl groups at the C-2
positions were removed from intermediat® (vhile the acetyl and methyl groups
remained intact. A significant upfield shift wasesefor the C-2 carbon atoms, from
79.40 ppm Iin intermediatéb) to 73.76 ppm in intermediat&)( confirming that the
change occurred at the C-2 carbon atoms.

High resolution MALDI-TOF mass spectrometry was dide determine the
molecular mass of intermediaté).( The Nd and Kion-adduct portion of the mass
spectrum of intermediaté) is shown in Figure 39. The calculated monoismtaop/z
values of the Naand K ion-adducts, 1549.54 and 1565.52, agree well thighvalues
obtained using MALDI-TOF-MS, 1549.53 and 1565.5€spectively, confirming the

complete removal of the benzyl groups from interiaedb).
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2.2.7 Heptakis(2-O-sulfo-3-O-methyl-6-O-acetyl)cyclomaltoheptaose (HAMYS)

Following a modified procedure of Vincent et’3lsulfation of intermediates)
was conducted in DMF at 50°C with an excess olstifoxide pyridine complex using
pyridine as the base. Reaction progress was meditby HPLC using a 3um Luna,
HILIC column and gradient elution at a flow ratelofl/min. The initial mobile phase
composition was 100% A that was changed to 50%58% B in 30 min (A: 5 mM
HCOONH;, in 95% ACN, B: 5mM HCOONH in H,O) at room temperature. Upon
completion of the reaction, sodium bicarbonate added to the reaction mixture and
the sodium sulfate precipitate produced was fitter&éhe reaction solvents were
removed under reduced pressure. The crude prodast dissolved in a minimum
amount of MeOH and the product was precipitateghtoyring the solution into diethyl
ether to yield the final productAMS, as a white powder of 97% isomeric purity.
Figure 40 shows a chromatogram of the recrystallp®duct.

The structure oHAMS was confirmed by high-resolutiolH and **C NMR
spectroscopy. Peak assignments for'theand*C NMR spectra shown in Figures 41
and 42, respectively, were determined by DEPT awdihv2nsional*H-'H COSY and
'H-1%C HMQC NMR spectroscopy (spectra shown in Figures 43 and 44,

respectively).
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'H NMR data in RO: & 5.33 (doublet, 7 H,1} = 3.5 Hz, H-1)3 4.38 (doublet, 7
H, k¢ = 10.5 Hz, H-6);0 4.26 (doublet of doublets, 7 Hy.d = 5.5 Hz, 4. = 10.5 Hz,
H-6'6); & 3.66 (doublet of doublets, 7 H,.JJ= 3.5 Hz, d3 = 9.5 Hz, H-2);6 4.01
(doublet of doublets, 7 Hg.d = 5.5 Hz, 4 = 9.5 Hz, H-5);6 3.79-3.72 (multiplet, 14 H,
H-3, H-4 ); 3 3.58 (singlet, 21 H, C§; & 2.07 (singlet, 21 H, C¥€0). *C NMR data
in D,O: 5 173.27 (CHCO); 8 97.14 (C-1) 79.32 (C-3)d 77.07 (C-2)5 76.62 (C-4)
69.08 (C-5);0 63.51 (C-6)0 60.67 (CH); 6 20.22 (GH3CO).

The'H-H COSY and'H-C HMQC NMR spectra (Figures 43 and 44) show
only the signals that correspond to the glucopysansubunits. ThéH and**C NMR
spectra, Figures 41 and 42, respectively, showtheaacetyl groups at the C-6 position
remained intact during sulfation of intermedia®. (A significant downfield shift was
seen for the C-2 carbon atoms; from 73.75 ppm tierinediate §) to 77.07 ppm in the
final product HAMS, confirming that the change occurred at the CrBaaatoms.

High resolution MALDI-TOF mass spectrometry wasedisto confirm the
molecular mass diAMS. The N4 ion-adduct portion of the mass spectrunH#M S
is shown in Figure 45. The calculated monoisotapiz value of the Naion-adduct,

2263.11, agrees well with the value obtained usAd.DI-TOF-MS, 2263.11.
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2.3 Summary

The synthesis of the sodium salt of HAMS for usaahiral resolving agent in
capillary electrophoretic separation of enantionteas been accomplished via a seven-
step synthetic methodology. Key to the successfthesis of this product lies in the
regioselective protection and deprotection stepdined in the synthetic scheme.
Although the use of each of these procedures alaleng with extensive
chromatographic purification steps, has been tedan the literature, the modifications
and their combination reported here permitted thaking of large quantities of the
intermediates at high purity, facilitating the dyesis of the final product. The structural
identity of each intermediate and final product veasertained byH NMR and*°C
NMR, 2D NMR and MALDI- and ESI-TOF-MS analysis. Bogradient and isocratic
HILIC and reversed-phased HPLC methods were deedlé@r the determination of the

respective isomeric purities, which were in exad#s$7 % mol/mol.
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CHAPTER 111

CE SEPARATION OF ENANTIOMERS

Several single-isomer sulfated CD derivatives, yeag the sulfate groups on
either the C3 or C6 positions of the glucopyranasés, have been used as chiral
resolving agents in CE. Previous work has showrnt tihe cavity size of the
cyclodextrins, and the type of the substituentsl(byyl, acetyl or methyl groups) play
significant roles in the chiral recognition process However, the effect of the
attachment position of the sulfate group on thenBogecognition capabilities of CDs
has not been fully investigated since a single-sosulfated CD carrying the sulfate
groups on C2 positions had not been synthesized dimpter describes the chiral
recognition behavior of HAMS, a single-isomer CDrgang the sulfate moiety on the
chiral face at the C2 position. Whenever possiflelitative comparison was made

between the separations achieved with HAMS and @tfienctionalized SISCD.

3.1 Materials

All chiral analytes were obtained either from AttriChemical Co. (Milwaukee,
WI), Sigma (St. Louis, MO), Wiley Organics (Coshmtt OH) or Research Diagnostic
(Rockdale, MD). Dimethylsulfoxide (DMSO) was purced from EM Science
(Gibbstown, NJ). All agueous solutions used in ¢hegperiments were prepared from
deionized water obtained from a Milli-Q unit (Mplore, Milford, MA). 0.45 pm

Nalgene nylon membrane filters were purchased fdMR (South Plainfield, NJ).
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Phosphoric acid and lithium hydroxide were purcbdagem Aldrich Chemical Co.
HAMS was prepared as described in Chapter Il. Tioeksbuffer was prepared by
titration of a 25 mM aqueous solution oD, (pKaz, 2.1) to pH 2.5 with LIOH. The
chiral resolving agent-containing BGEs were pregairamediately prior to use by
weighing out the required amount of the sodium ealHAMS into 25 ml volumetric

flasks and bringing the volume to mark with thecktbuffer solution.

3.2 CE Conditionsand Methods

All enantiomer separations were performed on eithB/ACE 5010 or a P/ACE
2010 capillary electrophoresis instruments withrthl/ detectors set to 214 nm. A 26.4
cm total length (19.6 cm to detector), 27 um ifdsed silica capillary (Polymicro
Technologies, Phoenix, AZ, USA) was used for CE suoeaments. A UV detection
window was prepared by removing a section of thiyipdde coating by burning off
with an electric coil heater. The exposed capillsection was then wiped clean with
methanol-soaked Kimwipe. All separations were otgdibetween 7 and 20 kV applied
potential and 20 °C cartridge coolant temperat@&etween runs, the capillary was
flushed with deionized water for 3 min, followed blye running buffer for 3 min.
Dimethylsulfoxide (DMSO), which has been reportedhave zero effective mobility
with SISCDs’’ was selected as the electroosmotic flow (EOF) fitphinarker for
HAMS. Its suitability as a mobility maker has beerperimentally verified® The
enantiomers were dissolved in the cyclodextrin-aimmhg BGE and either co-injected

with the EOF marker by pressure for 1 s or the mravkas injected separately followed
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by electrokinetic injection of the enantiomers @tkV for 5s. The effective mobilities
were measured against DMSO and these measuremengscarried out within the
linear region of Ohm’s law. All solutions were éfed prior to use with a 0.45 pm
Nalgene nylon membrane filter.

Separation selectivityoj was determined as a function of the concentration
the chiral resolving agent in aqueous low pH BGHse effective mobilities () and
the normalized electroosmotic mobilitigy (vere calculated per equations 7 and 13 (see
Chapter 1), respectively. Peak resolution was dated from peak half-height widths
(W") as:

— 2(t2 B tl)
1699w} +w!)

Migration time (t) values used were taken at themeged point of infinite
dilution for peaks suffering electromigration disgien (EMD). Effective mobilities and
separation selectivities were plotted as a funabibtihe resolving agent concentration to
evaluate the optimum chiral resolving agent conegion for the highest available

separation selectivity.
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3.3 Separations of Enantiomers of Weak Base Analytes Using HAMS in Low pH
BGEs

According to the CHARM model, when a strong eldgteresolving agent, such
as HAMS is used for enantioseparations, only twatkstBGEs, one at low pH and
another at high pH are requirédPrevious work has shown that a low pH BGE will
provide good resolution values because more fal®fakalues can be obtained than in
high pH BGEs. For ionoselective separation of wieake enantiomers, peak resolution
is high at low pH." Thus, chiral recognition can be maximized by tgkimivantage of
the electrostatic interaction between the SISCD #ral protonated enantiomers, in
addition to other intermolecular interactions thaty also be present. Effective
mobilities for singly-charged, weakly basic compdsimsually lie between +10 and +35
mobility units (10° cm?V'sh). Generally, at low pHU*° values are between +10 to +25
mobility units in fused silica capillaries. Prevowork has shown that complexation of
weak bases with SISCDs leads to anionic effectigbiities as high as -30 mobility
units. This effect makes it possibility to adjuse tSISCD concentration to bring about
an effective mobility that is nearly equal in magde but opposite in direction to the
EOF mobility in order to achieve resolution. Ittteerefore reasonable to evaluate the
potential of a new SISCD for enantioseparation lgibning with weak base

enantiomers in low pH BGEs.
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3.3.1 Results and Discussion

The structures of the thirty-three, structurallyedse, weakly basic enantiomers
(mostly pharmaceuticals) selected to evaluate titieywof HAMS as a chiral resolving
agent for use in CE enantiomer separations are rshowrigure 46. All thirty-three
weakly basic compounds have been shown to havencateffective mobilities under
the selected conditions at 0 mM HAMS concentrati8hown in Table 1 are the
effective mobilities of the less mobile enantiomerthe separation selectivities, the
calculated peak resolution, Rs, the correspondimgensionless, normalized EOF
mobility values3, and the injector-to-detector potential drop valu$ obtained in the
low pH aqueous BGEs for the weakly basic enantismé&n entry of N/A indicates that
a value could not be calculated due to overlap wittfier a non-comigrating system peak
or overlap with the neutral marker peak. The apppetential was 20 kV in 0.5 mM
HAMS-containing BGE and decreased with increasiddg$ concentration to 11 kV in
the 20 mM HAMS-containing BGE. The mobility of thmthodic EOF {£°7) was
between 10 to 20 mobility units over the 0.5 tor@8M HAMS concentration range,
indicating that HAMS was adsorbed on the walls loé tapillary. No studies were
conducted to quantify the contribution of chromasmipic retention of the effective
migration of the analytes.

There was at least some separation selectivitthimenantiomers of 27 of the 33
weakly basic compounds tested within the HAMS cabegion range studied. Of these,
18 were baseline resolved (i.e., Rs > 1.5) underctinditions used. For six analytes,

including atenolol, ketamine, mepenzolate bromiaeetoprolol, tolperisone and
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chlorpheniramine, there was no resolution. Atencdwid ketamine were weakly
complexing at all HAMS concentrations. Mepenzolatemide and chlorpheniramine
have chiral centers sterically crowded by two armenangs. Even though metoprolol
and tolperisone complex strongly with HAMS, lack wdsolution may be due to
unfavorable 3-values provided by the separation conditions usklithough these

explanations seem reasonable, NMR and X-ray ciggtalphic experiments are needed

to aid our understanding of the enantiorecognti@cess.

Q NH
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HN NH )\ ©
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Bﬁ) 0 H NH,
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B09: Atropine B11:Bupropion B13: 4-Chloroamphetamine

Figure 46. Names and structures of weakly basityssa
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Table 1. Separation data for the weak base analygld 2.5 agueous HAMS BGEgy,(

in 10° cn/Vs units)

[CD] OmM 0.5mM 0.75mM
U (KV) 20 20 20
Analyte M V] o B Rs M o Rs

BO3 19.73 15.44 1.00 0.27 0.00 14.01 1.02 0.42 0.15
B04 23.65 20.32 1.00 0.27 0.00 19.30 1.00 0.33 0.00
B0O8 16.67 14.24 1.00 0.43 0.00 13.54 1.00 0.41 0.00
B09 25,57 10.75 1.17 0.54 1.27 8.88 1.24 0.73 1.73
B11 3490 16.05 1.13 0.47 1.26 8.45 1.27 0.80 2.67
B13 23.28 2.61 <1.01 2.09 0.10 N/A

B14 17.62 4.91 1.82 1.11 3.80 1.58 3.64 4.88 4.35
B19 18.67 14.01 1.13 0.36 1.24 12.28 1.18 0.51 1.69
B20 30.80 2281 1.00 0.24 0.00 18.05 1.00 0.46 0.00
B21 2589 20.01 1.00 0.32 0.00 17.10 1.00 0.56 0.00
B22 2890 2150 1.00 0.26 0.00 18.02 1.00 0.39 0.00
B23 18.04  -3.96 -0.37 -2.02 3.64 -8.01 0.80 -1.31 4.67
B25 16.91 10.50 1.00 1.12 0.00 8.30 1.00 0.86 0.00
B26 20.36  17.67 1.00 0.33 0.00 16.75 1.00 0.48 0.00
B28 2211  12.89 1.15 0.43 1.04 10.35 1.23 0.73 1.24
B30 17.92  14.90 1.03 0.39 0.43 13.45 1.06 0.52 0.60
B31 16.35 11.29 1.00 0.38 0.00 9.34 1.00 0.88 0.00
B33 19.70 9.95 1.03 1.07 0.18 6.10 1.07 2.45 0.41
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[CD] 1.0mM 2.0mM

U (KV) 20 19

Analyte s} o B Rs s} o B Rs
B0O3 12.66 1.04 0.62 0.78 8.45 1.10 1.70 0.95
BO4 18.40 1.00 0.44 0.00 15.05 1.00 0.97 0.00
B08 12.80 1.00 0.61 0.00 10.39 1.00 0.70 0.00
B09 7.21 131 1.14 2.20 1.27 2.79 8.16 3.14
B11 551 141 1.48 2.81 -1.11 0.37 -6.22 3.31
B13 -5.03 0.88 -1.62 1.04 N/A
B14 N/A -7.01 0.45 -1.53 451
B19 10.63 1.22 0.83 2.19 5.67 1.56 1.37 2.77
B20 19.04 1.00 0.52 0.00 13.12 <1.01 0.49 <0.1
B21 14.98 1.00 0.69 0.00 11.55 1.00 0.59 0.00
B22 16.18 1.00 0.55 0.00 12.49 1.00 0.56 0.00
B23 -9.74 0.97 -1.35 0.37 N/A
B25 6.08 1.00 1.51 0.00 N/A
B26 15.90 1.00 0.66 0.00 12.89 1.00 0.65 <0.1
B28 7.96 1.33 1.21 1.75 1.54 2.10 9.17 1.89
B30 12.17 1.11 0.78 1.18 8.23 1.20 1.04 1.42
B31 7.75 1.00 1.23 0.00 2.48 1.00 4.55 0.00
B33 3.37 1.15 3.12 0.95 -3.30 0.79 -3.16 1.45
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Tablel.Continued

[CD] 2.5mM 3.5mM
U (KV) 19 15
Analyte M o B Rs M o B Rs

BO3 6.73 1.14 1.77 1.13 4.31 1.21 3.95 1.30

BO4 13.47 1.00 1.05 0.00 N/A

BO8 9.39 1.00 1.35 0.00 N/A

B0O9 -1.02 -2.15 -11.78 N/A -3.94 0.10 -4.31 3.81

B1l1 -3.49 N/A -4.04 N/A -6.57 0.59 -2.59 3.25

B13 -12.77 0.95 -1.06 1.21 N/A

B14 -0.78 0.55 -1.38 6.71 -13.50 0.72 -1.23 5.09

B19 3.83 1.92 414 3.10 1.08 2.81 10.41 5.03

B20 12.00 <1.02 1.27 0.28 9.99 1.03 1.69 0.39

B21 10.28 1.00 1.21 0.00 N/A
B22 11.31 1.00 1.62 0.00 N/A
B23 N/A N/A

B25 -2.21 1.00 -6.32 0.00 N/A

B26 11.80 <1.01 1.18 <0.1 9.96 1.02 1.70 0.35

B28 -1.24 -1.33 -10.14 4.08 -4.39 0.32 -3.87 3.50

B30 6.71 1.26 1.87 2.37 4.25 1.55 4.33 2.51

B31 N/A N/A

B33 -5.68 0.87 -1.97 1.65 -9.46 0.92 -1.80 1.48
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[CD] 5mM 10mM

U (KV) 15 11

Analyte U a B Rs V] a B Rs
BO3 2.45 1.41 4.43 1.88 -1.20 0.29 -7.05 4.62
BO4 9.50 1.02 1.25 0.20 6.04 1.04 1.50 0.45
BO8 6.46 1.00 2.02 0.00 3.78 1.00 2.47 0.00
B09 -6.14 0.66 -3.06 3.20 N/A
B1l1 -9.07 0.70 -2.08 3.14 N/A
B13 N/A N/A
B14 -15.76 0.80 -1.25 4.00 N/A
B19 -1.06 -2.71 -16.50 6.16 -3.98 0.46 -10.51 5.10
B20 8.18 1.05 1.70 0.44 4.87 1.10 1.97 0.70
B21 7.70 1.00 2.24 0.00 5.06 1.03 1.86 0.27
B22 8.32 1.00 1.68 0.00 4.50 1.00 1.82 0.00
B23 N/A N/A
B25 -8.17 1.00 -2.39 0.00 -12.20 1.00 -1.05 0.00
B26 8.23 1.04 2.26 0.43 5.33 1.11 1.80 0.98
B28 -7.15 0.59 -2.67 3.35 N/A
B30 2.31 2.06 6.43 2.95 -1.21 -1.25 -8.17 6.77
B31 -4.17 1.00 -4.68 0.00 -6.03 1.00 -2.23 0.00
B33 -12.35 0.94 -1.57 1.43 N/A
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[CD] 15mM 20mM

U (KV) 11 11

Analyte VI o B Rs V] a B Rs
BO3 -4.01 0.79 -3.05 3.51 -5.65 0.85 -2.25 4.38
B30 -3.98 0.41 -3.16 7.83 -5.54 0.55 -2.32 11.22
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[CD] OmM 0.5mM 0.75mM

U (KV) 20 20 20

Analyte M 1] o B Rs M o Rs
B34 31.95 23.10 1.00 0.33 0.00 19.02 1.00 0.46 0.00
B37 17.09 5.55 1.37 1.04 1.25 3.07 1.70 2.70 1.48
B38 28.67 13.02 1.00 0.50 0.00 5.80 <1.01 231 <0.1
B39 33.85 26.50 1.00 0.25 0.00 23.10 1.00 0.42 0.00
B41 18.05  13.58 1.03 0.42 0.46 11.57 1.06 0.80 0.63
B45 17.09 15.20 1.00 0.41 0.00 14.46 1.00 0.55 0.00
B46 18.49  13.70 1.04 0.78 0.46 11.72 1.08 1.07 1.10
B47 17.56 14.66 1.03 0.39 0.47 13.14 1.07 0.63 1.10
B49 16.72  11.65 1.06 0.36 0.94 9.30 111 0.84 112
B51 19.10 13.49 1.00 0.32 0.00 11.05 1.00 0.70 0.00
B54 13.45 -1.81 -0.87 -2.65 5.72 -6.02 0.51 -1.35 6.20
B56 31.82 -32.90 1.00 -0.18 0.00 -32.38 1.00 -0.24 0.00
B58 2221 17.35 1.03 0.24 0.30 14.91 1.09 0.58 0.91
B60 21.70 18.01 1.00 0.57 0.00 16.09 1.03 1.06 0.32
B75 16.61  13.05 1.01 0.31 0.18 11.43 1.03 0.74 0.30
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Table 1. Continued

[CD] 1.0mM 2.0mM
U (KV) 20 19
Analyte s} o B Rs s} o B Rs

B34 16.52 1.02 0.59 0.25 11.96 1.06 0.76 0.45

B37 N/A -6.73 0.70 -1.72 2.40

B38 N/A -7.18 0.91 -1.66 0.80

B39 20.63 1.00 0.51 0.00 17.21 <1.01 0.51 <0.1

B41 10.02 1.08 1.03 0.73 4.38 1.13 1.74 0.85

B45 13.80 1.00 0.73 0.00 11.58 1.00 0.78 0.00

B46 10.31 1.12 1.01 1.28 6.28 1.25 1.84 1.68

B47 12.13 1.09 0.87 1.11 8.51 1.16 1.14 1.45

B49 7.65 1.15 1.40 1.22 242 1.45 5.14 1.81

B51 8.80 1.00 1.21 0.00 1.14 1.00 11.87 0.00

B54 -6.83 0.99 -1.56 <0.05 N/A

B56 -32.04 1.00 -0.33 0.00 N/A

B58 12.64 1.13 0.86 1.06 7.02 1.23 1.48 1.42

B60 14.70 1.05 0.71 0.55 10.93 1.08 1.05 1.03

B75 9.91 1.05 1.08 0.57 5.84 1.10 1.86 1.09
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[CD] 2.5mM 3.5mM
U (KV) 19 15
Analyte I} o B Rs M o B Rs
B34 10.45 1.08 1.63 0.78 N/A
B37 -9.40 0.76 -1.91 2.64 -11.91 0.83 -1.51 2.81
B38 -10.04 0.94 -1.79 0.87 -12.52 0.96 -1.35 0.81
B39 16.04 1.01 1.17 0.32 N/A
B41 2.39 1.18 8.05 1.14 N/A
B45 10.76 1.00 1.21 0.00 N/A
B46 4.64 1.36 2.14 1.71 1.77 2.02 10.37 2.45
B47 7.27 1.22 1.78 1.47 N/A
B49 N/A -1.40 0.08 -10.04 3.09
B51 N/A N/A
B54 N/A N/A
B56 -31.10 1.00 -0.49 0.00 N/A
B58 4.80 1.30 2.54 1.46 1.33 2.33 12.73 1.72
B60 9.48 1.10 1.13 1.11 N/A
B75 4.20 1.14 2.89 1.13 1.38 1.61 13.35 1.33
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[CD] 5mM 10mM

U (KV) 15 11

Analyte U o B Rs U o B Rs
B34 6.33 1.22 2.40 1.40 2.46 1.66 3.33 2.66
B37 -13.93 0.86 -1.41 3.01 N/A
B38 N/A N/A
B39 12.68 1.04 1.23 1.16 8.20 1.09 1.84 1.19
B41 -1.88 0.46 -9.39 N/A -4.63 0.80 -1.76 6.69
B45 8.11 1.00 1.96 0.00 5.94 1.02 1.72 0.32
B46 N/A -1.75 0.61 -2.50 5.16
B47 3.41 1.54 4.75 2.98 N/A
B49 -3.76 0.65 -4.98 3.21 N/A
B51 -5.41 1.00 -3.58 0.00 -9.02 1.00 -2.01 0.00
B54 N/A N/A
B56 N/A N/A
B58 N/A -2.74 0.33 -3.23 6.81
B60 4.86 1.26 3.39 1.42 N/A
B75 N/A -2.89 0.73 -2.93 5.44
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In reference to Maynard’s classification of SISCediated separations of
weakly basic enantiomef8,four categories of compounds were identified: veak
binding, moderately strongly binding, strongly kbimgl and very strongly binding.
Categorization of the separations in this way pitesisome insight into the separation
selectivity patterns observed. It also allows da#ilie comparison of the utility of
HAMS to various SISCDs for a given enantiomer safian.

For weakly binding analytes, the effective molektido not become anionic over
the HAMS concentration ranged studied. Figure Hds the effective mobilities (top
panels) and separation selectivities (bottom panats a function of the HAMS
concentration for two weakly binding analytes, te¢dline, B47 and ephedrine, B60. In
each case, the initial cationic effective mobilifythe weak base is 17.5 mobility units
(B47) and 21.7 mobility units (B60), respectivelfks the HAMS concentration is
increased, their effective mobilities begin to d&se toward zero, but do not become
anionic. This is due to an increase in the moletioa of the HAMS-analyte complex
and to ionic strength-related depression of thectiffe mobilities of both the free and
the complexed forms of the weak base. The separa@ectivity values increase
without approaching a limiting value over the HAM&ncentration range tested.

The effective mobilities of moderately strongly thimg base analytes are, like
the weakly binding bases, initially cationic butcbme anionic at some intermediate
HAMS concentration. The panels of Figure 48 shosvdfiective mobilities (top panels)
and the separation selectivities (bottom panels)tiim moderately strongly binding

weak base analytes, aminoglutethimide, BO3, andpneterenol, B30. In both cases,
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of moderately strongly binding weak base analysea function of HAMS concentration
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the effective mobilities are cationic at zero aod/ [HAMS concentrations but become
anionic at an intermediate HAMS concentration ([HBM7.5mM). At HAMS
concentrations where the effective mobilities ofthbcenantiomers are cationic,
separation selectivity values are positive and @ggr infinitely high values as the
effective mobility of the faster enantiomer apptoex zero. As the HAMS concentration
increases towards an intermediate value, the dS@paraelectivity values become
negative as the effective mobility of one of thamtiomers becomes anionic and that of
the other enantiomer remains cationic. At higherM$\concentrations, the separation
selectivity values become positive again and amtramity as the effective mobilities of
both enantiomers remain anionic. Separation sglgées become more favorable as the
HAMS concentration approaches the point where ftfecteve mobility of one of the
enantiomers changes from cationic to anionic, edipted by CHARM modet’

Strongly binding analytes include those whose @ffeanobilities have become
anionic at low HAMS concentrations. Figure 49 shoeseffective mobility curves (top
panels) and the separation selectivity curves ghotpanels) for two strongly binding
analytes, (1-napthyl)ethylamine, B33 and oxprenoB87. Their effective mobilities
become anionic at HAMS concentrations as low asrivVband remain anionic over the
entire concentration range used. Although the sejoar selectivities follow the trend
observed for moderately strongly binding analytksy approach a limiting value af<
1 at much lower HAMS concentrations.

For this discussion, we consider a weak base t@ bery strongly binding

analyte when the effective mobilities of the enamtérs become anionic at a very low
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HAMS concentration. 4-Chloroamphetamine, B13, aetbtifen, B23, shown in Figure
50 are examples of weak base analytes that bindstemgly to HAMS. Their effective
mobilities (top panels) are anionic at HAMS concatibons lower than 0.6 mM. The
separation selectivities (bottom panels) follow tkokssical trends depicted by
moderately strongly binding and strongly bindingalebase analytes. However, their
separation selectivities approach unity at very VS concentrations{ 2.5 mM)
compared with strongly binding analytes 5.0 mM) and moderately strongly binding
analytes £ 20.0 mM).

The effective mobility and separation selectivitgrnids so far observed for the
weak base enantiomers follow the predictions of@dR&ARM model?’

Typical electropherograms for the enantiomers o theak base analytes,
obtained with HAMS in pH 2.5 BGEs are shown in Fegbl. Each electropherogram
includes the analyte identifier (see Figure 46 #ctual applied potential in kV
(between the point of injection and the detectod the HAMS concentration (in mM)
used for the separation. Baseline resolution wageaed for most of the analytes using

low concentrations of HAMS. Run time for most oktiweak bases was reasonably

short, except for pindolol, B41 with a time of 23m
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Figure 51. Typical electropherograms of weak basdytes in pH 2.5 BGE with HAMS
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3.3.2 Effects of Weak Base Structure on Separation Selectivity

The binding strength of an enantiomer is highlyedefent on its structure and
the structure of the chiral resolving agent. Srcaknges in the analytes structure can
lead to significant changes in the separationsurgigh2 shows the effective mobility
(top panel) and separation selectivity (bottom pacigrves for four structurally related
weak bases including B26, B30, B47 and B60. Effectmobilities vary from 8.2
mobility units for B26 to 2.3 mobility units for BBat 5 mM HAMS. In order of
increasing binding strength, they are B3B47 > B60 >B26. It is observed that the size
and the type of substituents about the aromatg mewve some influence on the binding
strength. The ortho- and meta-catecholamine emaeti® show strong intermolecular
interaction with HAMS. The weakest binder is mefamae, B26, with one methyl and
one OH group on the aromatic ring. The trend olesefor the separation selectivities is
a mirror image of the trend shown by their effeethaobilities. Metaproterenol, B30 the
strongest binding analyte among them exhibits thst lseparation selectivity while
separation selectivity is very low for metanephyiB26, over the concentration range
tested. These observations, while valid, provitteelinsight into the enantiorecognition
mechanism. NMR experiments need to be performgetonechanistic information.

Another group of compounds which are structuradiiated: atropine, BO9 and
homatropine, B19 (shown in Figure 53) differ frorck other by a methylene group.
However, these two compounds show significant difiee in their binding strengths

with HAMS.
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3.4 Effects of the Attachment Position of the Sulfate Group on Enantior ecognition
SISCDs as chiral resolving agents in CE enantigs#ipas can carry the sulfate
group either at C2, C3 or C6 positions of the ghyanose subunits. In order to
investigate the influence of the position of théfage group on enantiorecognition, the
sodium salt of heptakis(@methyl-30-acetyl-60O-sulfo)cyclomaltoheptao&®
(HMAS) which carries the sulfate group at the C&ipon, and heptakis(®-methyl-
3,6-di-O-sulfo)cyclomaltoheptao&t (HMdiSu) which carries the sulfate group at both
the C3 and C6 positions are compared to HAMS fersparation of the enantiomers of
weak bases. These SISCDs, including HAMS, carryidentical substituents at the C2
and C3 positions. The changes in the binding stherfigr homatropine, B19,
chlophedianol, B14, and metoprolol, B31 are reprexkin the effective mobility (top
panel) and separation selectivity (bottom panetyes shown in Figures 54, 55 and 56,
respectively. The binding strength for B19 (hompitne) follows the order HMdiSu >
HAMS > HMAS while for B14 (chlophedianol), the ordes HAMS > HMdiSu >
HMAS. HAMS offers the best separation selectiviggglres 54 and 55, bottom panel)
for B19 and B14 at low SISCD concentration where #ffective mobilities of the
enantiomers remain cationic. No separation wasrebdefor the enantiomers of B19
using HMAS. Interestingly, HAMS does not offer asgparation selectivity for the
enantiomers of B31 over the concentration rangdietucompared to HMdiSu which
offered excellent separation selectivity. It is onoting that although changes in the
position of the sulfate group on the glucopyranasunits influence separation

selectivity, the presence of other substituentduding acetyl and methyl groups also
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play a significant role in the chiral recognitioreamanism. X-ray crystallographic and
NMR spectroscopic measurements are needed for rbetteerstanding of the

enantiorecognition process.
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Figure 54. Effective mobilities (top panel) and aegion selectivites (bottom panel) for

the enantiomers of B19 in pH 2.5 aqueous BGEs WAMS, HMdiSu and HMAS
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3.5 Separations of the Enantiomers of Nonionic Analytes Using HAMS in Low pH
BGEs

According to Williamé’, peak resolution values for the enantiomers ofiario
analytes are similar at all pH values when SISCDs wsed as resolving agents.
Therefore, it is reasonable to evaluate the utdityHAMS using nonionic analytes at
low pH. The structures of the fourteen, structyrdilverse, nonionic analytes tested are
shown in Figure 57. Table 2 shows the effective iliie@s of the less mobile
enantiomer,y, the separation selectivitieg, the calculated peak resolution, Rs, the
corresponding dimensionless, normalized EOF mgbi#lues,(3, and the injector-to-
detector potential drop values), obtained in the low pH aqueous BGEs for the
nonionic enantiomers. An entry of N/A indicatesttaaralue could not be calculated due
to overlap with either a non-comigrating systemkpeaoverlap with the neutral marker
peak.

Enantiomer separations were observed for all offtheteen nonionic analytes
tested. All the nonionic analytes were baselineolvesl (i.e., Rs > 1.5), except 2-
phenylbutanol, NO2. This group of analytes could dssigned to three distinctive
categories: weakly binding, moderately stronglydioig and strongly binding.

For weakly binding analytes, the effective aniomobilities (Figure 58, top
panel) increased as the concentration of HAMS waseased, but remained low, only
reaching -3.5x 10° cnf/Vs. Increased effective anionic mobility indicatéisat
complexation of the nonionic analytes with HAMS oides the mobility-reducing

effects of both higher ionic strength and highecwesity. The corresponding separation
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117

20 ase

Naf: &-Fhenyk-2-proparol N28: 2-Phenyl-1-propanol

OH H
N36:1-Indanol N34: 1-Phenylpropanol

N38: 2-Phenyl-2-butanol

Figure 57. Continued
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selectivities increased to a maximum and then siagkreased as the concentration of
HAMS was increased (Figure 58, bottom panel), ireagent with the prediction of the
CHARM model”’

In the case of moderately strongly binding nonioaralytes, their effective
anionic mobilities (Figure 59, top panel) increaseth increasing HAMS concentration
approaching -1& 10° cnf/Vs. The separation selectivities (Figure 59, botfmanel) for
this class of nonionic analytes followed the tresebicted by the weakly binding
analytes.

Effective anionic mobilities, (Figure 60, top panébr the strongly binding
analytes, increased beyond -4@0° cnf/Vs with increasing HAMS concentration. The
separation selectivity (Figure 60, bottom panelltgvas resembled those of the
moderately strongly binding and weakly binding gted.

A small change in the structure of the nonioniclgea not only affected
whether or not a separation was obtained, butst affected the separation behavior.
For example, 2-phenylbutanol, NO2, 1-phenylbutaidi2l, and 2-phenyl-2-butanol,
N38 all have the same number of carbon atoms, hemvéve environments around their
chiral carbon atoms differ from one to the othenisTsubtle structural difference still
leads to significant complexation differences aswsh in Figure 61. The order of
binding strength is N38 > NO2 N21. Interestingly, 1-phenylbutanol, N21 with the
lowest binding strength exhibits the best sepanageectivity (Figure 61, bottom panel).
In addition to the example describe above, it $® a@bserved that increasing the carbon

number in the long hydrophobic chain without chaggihe chiral center can affect the
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enantiorecogntion processes. Two sets of nonionadytes which form homologous
series are depicted in Figures 62 and 63. Thedatsincludes 1-phenylpropanol, N34, 1-
phenylbutanol, N21, and 1-phenylpentanol, N25 (FegsR). Ethylmandelate, N10, and
methylmandelate, N15 (Figure 63) constitute theosdcset. Their effective anionic
mobilities (top panels) are shown in their respectigures. The order of increasing
binding strength for the aromatic alcohols is N2B121 ~ N38 and N10= N15 for the
mandelates. The separation selectivity (Figurear@263, bottom panels) trends indicate
that the hydrophobic chain significantly influend¢ee enantiorecogntion process. Again,
detailed NMR spectroscopic studies are needed twigw insight into the chiral
recognition mechanism.

Typical electropherograms for the nonionic analytesined by using HAMS as
chiral resolving agent are shown in Figure 64. HEatectropherogram includes the
analyte identifier (see Figure 57), the actual eggppotential in kV (between the point of

injection and the detector) and the HAMS conceiatinain mM) used for the separation.
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Table 2. Separation data for the nonionic analytgeH 2.5 aqueous HAMS BGHu {n

10° cnf/Vs units)

[CD] 0 mM 0.5mM 0.75mM

U (KV) 20.0 20.0

Analyte V] vl a § Rs ol o Rs
NO2 0.00 -1.61 1.00 -12.07 0.00 -2.18 1.00 -8.53 0.00
N10 0.00 -0.45 1.06 -43.06 0.64 -0.65 1.17 -26.49 1.32
N13 0.00 -1.32 1.00 -15.01 0.00 -1.70 1.00 -10.73 0.00
N15 0.00 -0.55 1.00 -33.42 0.00 -0.72 1.04 -24.14 0.60
N20 0.00 -4.01 1.04 -4.49 0.80 -4.90 1.08 -3.47 0.87
N21 0.00 -1.43 1.09 -13.84  0.77 -2.01 1.18 -8.87 1.31
N22 0.00 -195 <1.01 -10.16 <0.1 -2.67 1.05 -6.83 0.34
N25 0.00 -2.78 1.09 -7.15 0.97 -3.55 1.20 -5.15 1.56
N26 0.00 -2.92 1.04 -6.79 0.55 -4.02 1.09 -4.53 1.14
N27 0.00 -1.13 1.00 -15.10 0.00 -1.48 1.07 -13.48 0.53
N28 0.00 -1.30 1.00 -15.20 0.00 -1.76 1.00 -10.58 0.00
N34 0.00 -1.32 1.00 -1494  0.00 -1.81 1.00 -10.27 0.00
N36 0.00 -0.85 1.00 -22.97 0.00 -1.09 1.04 -16.64 0.60
N38 0.00 -2.12 1.06 -10.10 0.65 -3.13 1.10 -5.65 1.40
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[CD] 1.5mM 2.5mM

U (KV) 20 19

Analyte M a B Rs M a B Rs
NO2 -3.35 1.04 -6.15 0.36 -4.71 1.08 -3.16 0.63
N10 -1.02 1.40 -17.28 2.22 -1.45 1.46 -9.71 3.57
N13 -2.69 1.08 -7.63 0.44 -3.82 1.10 -3.92 1.40
N15 -1.16 1.16 -21.02 1.16 -1.41 1.25 -11.54 2.52
N20 -6.50 1.21 -3.22 2.32 -7.80 1.26 -2.24 6.45
N21 -3.10 1.29 -6.04 2.03 -4.27 1.34 -2.13 4.22
N22 -4.39 1.10 -4.15 0.87 -6.31 1.14 -1.86 2.26
N25 -4.86 1.29 -3.84 3.22 -6.42 1.31 -2.58 3.98
N26 -6.29 1.19 -2.75 1.85 -9.08 1.19 -2.03 1.97
N27 -2.50 1.16 -7.41 1.35 -3.69 1.18 -4.02 1.80
N28 -2.75 1.04 -7.16 0.45 -3.98 1.08 -3.81 0.73
N34 -2.88 1.08 -6.97 0.45 -4.11 1.11 -3.55 1.33
N36 -1.59 1.18 -12.09 1.44 -2.22 1.30 -4.71 3.71
N38 -5.31 1.20 -3.37 1.49 -1.74 1.19 -2.21 1.63
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[CD] 3.5mM 5.0mM

U (KV) 15 15

Analyte i a B Rs s} a Rs
NO2 -5.92 1.10 -2.31 1.38 -7.16 1.08 -2.01 0.91
N10 -1.84 151 -7.99 547 -2.31 1.49 -6.58 5.22
N13 -4.88 1.11 -3.05 1.50 -6.21 1.10 -2.60 1.49
N15 -1.73 1.27 -9.66 2.96 -2.02 1.29 -8.05 3.47
N20 -8.70 1.24 -1.82 8.25 -9.67 1.21 -1.49 9.76
N21 -5.45 1.32 -2.07 4.10 -6.97 1.29 -1.65 4.61
N22 -8.02 1.13 -1.91 2.03 -10.17 1.11 -1.74 2.03
N25 -7.78 131 -1.73 6.71 -9.54 1.25 -1.57 7.35
N26 -11.44 1.16 -1.59 2.59 -13.81 1.12 -1.31 4,51
N27 -4.79 1.17 -3.13 1.86 -6.17 1.16 -2.37 2.55
N28 -5.11 1.10 -2.91 1.62 -6.57 1.09 -2.44 1.31
N34 -5.28 1.11 -2.80 1.83 -6.76 1.10 -1.97 2.05
N36 -2.78 1.30 -4.19 3.29 -3.38 1.29 -2.48 6.49
N38 -0.87 1.16 -1.81 2.36 -12.11 1.12 -1.31 3.57
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Figure 61. Effects of analytes structure on effectnobilities (top panel) and separation
selectivities (bottom panel) for nonionic analyd@2, N21 and N38 obtained in pH 2.5

BGE using HAMS
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Figure 62. Effects of the analyte structures orecti¥e mobilities (top panel) and
separation selectivities (bottom panel) for norccamalytes N34, N21 and N25 obtained

in pH 2.5 BGE using HAMS
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Figure 63. Effects of analyte structure on the ai® mobilities (top panel) and
separation selectivities (bottom panel) for norcoanalytes N10 and N15 obtained in

pH 2.5 BGE using HAMS
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Figure 64. Typical electropherograms of nonionialgies in pH 2.5 BGE with HAMS
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Figure 64. Continued
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The changes in the binding strength for some sedegbnionic analytes due to
differences in the functionalization at the C2, &l C6 positions are represented in the
effective mobility (left panel) and separation sghaty (right panel) curves for HAMS,
HDMS®?  (heptakis(2,3-diD-methyl-6-O-sulfo)cyclomaltoheptaose) and HDAS
(heptakis(2,3-d-acetyl-60O-sulfo)cyclomaltoheptaose) shown in Figure 65. HDMS
and HDAS both carry the sulfate group at the Cétjpos. While HDMS carries methyl
groups at the C2 and C3 positions, HDAS carriesybhgeoups at those two positions.
From the effective mobility values it is observduhtt the effective anionic mobilities
increase with increasing SISCDs concentration. B¢pa selectivity increases to a
maximum at a low SISCDs concentration and thenedesas as SISCDs concentration is
increased. These trends are in agreement with rigigtions of the CHARM model.
The binding strength of 2-phenyl-2-pentanol, N26phknylpentanol, N27, and 2-
phenyl-1-propanol, N28 to HAMS (N27 and N28, modesastrongly binding; N26,
strongly binding) is much higher compared to HDM®26, N27 and N28, weakly
binding). While separation selectivity is higher fd26 and N28 with HAMS as the
chiral selector compared to HDMS, the oppositeus for N27. HDAS shows similar
trends in the binding strength of methyl mandelBk&5, 1-phenylpentanol, N27, and 2-
phenyl-1-propanol, N28 compared to HAMS. HoweveDAS$ offers much higher
separation selectivities for N15 and N28 compam@dHAMS. It is very clear that
different substituents at the C2, C3 and C6 passtiof the glucopyranose subunits offer
different separation selectivities for the same néipaner pair. However, NMR

experiments are needed to aid our understandittgeathiral recognition mechanism.
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Figure 65. Effective mobilities (left panel) andoaeation selectivities (right panel) of

N15, N26, N27 and N28 in pH 2.5 aqueous BGE withM8 HDMS and HDAS
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3.6 Separations of the Enantiomers of Strong Electrolyte Analytes Using HAMS in
Low pH BGEs

Although HAMS was designed for the separation ohianic and cationic
analytes, an attempt was made to separate thei@mans of six strong electrolyte
analytes shown in Figure 66. The set of strongtelte analytes used includes
analytes with the sulfate moiety directly attacttedhe chiral carbon atom and either
one or two bonds away from the aromatic ring. Thasalytes were synthesized and
fully characterized by Nzeadifé.The choice of these analytes was based on the
excellent enantiorecognition observed for the @poaading nonionic aromatic alcohols.
The results obtained are shown in Table 3. Sineectiarge of the strong electrolyte
analyte is independent of the pH of the BGE, detksitudies were carried out in low pH
BGEs by varying the concentration of HAMS from @i to 5.0 mM. As expected, the
monoanionic analytes have effective mobilities kesw-23 and -3% 10° cnf/Vs. The
effective mobilities decreased in the absence oM3Aor the same substitution pattern
as the length of the alkyl chain was increased; &bipared to SO7 and S02 compared

to S05, due to the ratio of charge to hydrodynarolome of the analytes.



134

Upon addition of HAMS to the BGE, the anionic etfee mobilities increased to
a shallow extremum and begin to approach zero asctincentration of HAMS
increased. The observed decrease in effective i@niomobility could be due to
increasing ionic strength and viscosity. The caofsthis phenomenon is the interplay
between the increased mole fraction of the aniamalytes-HAMS complex and the
increased ionic strength brought about by the am®d HAMS concentration. The
former of these effects increases the contribubiotihe anionic complex to the effective
mobility of the band which is greater at low HAM®ncentrations, while the latter
decreases the effective mobility of the anionic pam and its effect is greater at
relatively high concentratiorfS. No separation was observed for the six strong
electrolyte test analytes, although favorgblealues were obtained. This may be due to
ionic repulsion between the negatively charged yaeal and the negatively charged

chiral resolving agent with the sulfate group lecabn the chiral face of the SISCD.
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S01: 1-Phenyl-1-O-sulfo-propane
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S03: 1-Phenyl-2-O-sulfo-propane
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S07: 1-Pheny-1-O-sulfo-pentane
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0,SO

S02: 2-Phenyl-1-O-sulfo-propane

0sQ

S05: 2-Phenyl-1-O-sulfo-butane

0sQ”

S10: trans-2-Phenyl-1-O-sulfo-cyclohexane

Figure 66. Names and structures of the strongrelgte analytes tested
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Table 3. Separation data for the strong electeoarialytes in pH 2.5 aqueous HAMS

BGE. (u, in 10° cnf/Vs units)

[CD] OmM 0.5mM 0.75mM
U (KV) 20.0 20.0
Analyte 11 K a B Rs V1 a B Rs

S01 -30.90 -34.90 1.00 -0.95 0.00 -34.62 1.00 -0.92 0.00

S02 -29.90 -3595 1.00 -0.91 0.00 -35.63 1.00 -0.89 0.00

S03 -27.50 -35.01 1.00 -0.93 0.00 -34.70 1.00 -0.92 0.00

S05 -25.60 -30.31 1.00 -1.06 0.00 -30.10 1.00 -1.01 0.00

S07 -23.50 -28.90 1.00 -1.14 0.00 -28.70 1.00 -1.11 0.00

S10 -27.40 -31.90 1.00 -1.01 0.00 -31.50 1.00 -1.01 0.00

[CD] 1.5mM 2.5mM
U (KV) 20.0 | | 19.0
Analyte i o B Rs ] a B Rs

S01 -34.23 1.00 -0.88 0.00 -34.03 1.00 -0.90 0.00

S02 -35.25 1.00 -0.85 0.00 -34.90 1.00 -0.87 0.00

S03 -34.30 1.00 -0.88 0.00 -33.90 1.00 -0.90 0.00

S05 -29.84 1.00 -1.01 0.00 -29.53 1.00 -1.03 0.00

S07 -28.20 1.00 -1.06 0.00 -27.60 1.00 -1.10 0.00

S10 -30.80 1.00 -0.98 0.00 -30.16 1.00 -1.01 0.00
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Table 3. Continued

[CD] 5.0mM | |
U (KV) | | 15.0
Analyte M a B Rs

S01 -33.40 1.00 -0.92 0.00
S02 -34.01 1.00 -0.91 0.00
S03 -33.21 1.00 -0.91 0.00
S05 -28.90 1.00 -1.08 0.00
S07 -26.30 1.00 -1.13 0.00

S10 -29.01 1.00 -1.05 0.00

3.7 Summary
The first single-isomep-CD derivative that is sulfated at the C2 posititme

sodium salt of heptakis(@-sulfo-3-O-methyl-6-0O-acetyl)cyclomaltoheptaose (HAMS)
has been used to study the effective mobility agghsation selectivity patterns of the
enantiomers of structurally diverse weak base, aroaiand strong electrolyte analytes
in acidic aqueous BGEs. The trends observed incafles followed closely the
predictions of the CHARM model. HAMS provided effiee mobilities and separation
selectivities that were complimentary to those ilateh for the same analytes using other

sulfatedp-CDs.
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CHAPTER IV

CONCLUSIONS

Several SISCDs have been synthesized and utiligeghigal resolving agents in
capillary electrophoretic separation of enantiomactuding acidic, basic, neutral and
ampholytic analytes. All these SISCD derivativescéhe sulfate group at either the C3
or C6 positions of the glucopyranose moieties. Bres/work has shown that the cavity
size of the cyclodextrins and the types of the suents including acetyl, hydroxyl and
methyl groups contribute significantly to the enargcognition process. However, the
influence of the attachment position of the sulfgteup on the chiral recognition
capabilities of CDs had not been fully investigasaace a SISCD, carrying the sulfate
group on the C2 position had not yet been syntkdsizhe need for this investigation to
be carried out led to the synthesis of the firsiglE-isomerp-CD derivative that is
sulfated at the C2 position, the sodium salt of thldp(2-O-sulfo-3-O-methyl-6-O-
acetyl)cyclomaltoheptaose (HAMS). Apart from itstguaial for enantioresolution of
both nonionic and ionic chiral analytes, introdantiof negative charges on tBeCD
enhances its solubility in aqueous media.

The synthetic methodology used to produce HAMSizetil protection and
deprotection of the 2-, 3- and 6-hydroxyl groupse€D by using regioselective
chemical processes. The first step, which has Ibegn used as a means to bi-
functionalize SISCDs, where the C2 and C3 positians modified in a “one-pot”

reaction with either methyl or acetyl groups, innethe protection of the C6 positions
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with TBDMS. It is worth noting that one of the majsteps leading to the successful
synthesis of HAMS lies in the selective benzylatioh the C2 position without
concurrent modification at the C3 position. A corsien rate of over 80% was achieved
under 3 hours. Methylation at C3 followed by selextdesilylation at C6 gave good
yields. Subsequent synthetic transformation beg#h wacetylation of the hydroxyl
group at C6, deprotection at C2 by selective rehotdahe benzyl group, the second
major step leading to the successful synthesis A8, and sulfation of the exposed
hydroxyl groups at C2 to produce HAMS. The aceigtateaction proceeded with 98%
conversion rate in less than 2 hours. Purificatbbneach intermediate and the final
product (HAMS) was accomplished using suitableystallization solvents and solvent
mixtures.

The structural identities of the intermediates #mal final product were verified
by 1D 'H, 1*C, 2D COSY and HMQC NMR spectroscopy, and also igh hesolution
MALDI-TOF mass spectrometry. Non-aqueous, gradiaversed-phase HPLC and
HILIC-HPLC methods were developed for the deterriama of the purity of each
synthetic intermediate and final product. Puritigere typically in excess of 97%
mol/mol. These complementary methods proved thatiSAs pure and has the desired
structural characteristics of the targeted product.

HAMS was used to study the effective mobility aegaration selectivity trends
of weak base, nonionic and strong electrolyte aralyrhe BGEs were made from a 25

mM phosphoric acid solution buffered to pH 2.5 withium hydroxide. The capillary
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used was uncoated, bare fused silica and applieshipals were kept within the linear
region of Ohm’s Law plots.

Of the thirty-three weakly basic analytes testedantiomer separation was
observed for twenty-seven over the HAMS concemnatange used. Eighteen of these
weak bases were baseline resolved (i.e., Rs > [h%)eneral, four types of separation
trends were observed for the weak base analytéseifrow pH BGEs. (1) For very
strongly binding analytes, the effective mobilitidsecame anionic at HAMS
concentrations lower than 0.6 mM. (2) For stronglpding analytes, the effective
mobilities became anionic at HAMS concentrationslas as 1.5 mM. (3) For the
moderately strongly binding analytes, the effectimebilities of the analytes became
anionic at some intermediate HAMS concentrationAfi#§] > 7.5 mM). (4) For weakly
binding analytes, the effective mobilities did neo¢écome anionic over the HAMS
concentration range tested. The effective mobditygl separation selectivity trends for
the weak bases agreed well with the predictionth@fCHARM model.

Binding strength was found to be highly dependenthe structure of the analyte
and the resolving agent. A group of structurallynik&ar catecholamines showed that
changes in substitution about the aromatic ringreanlt in significant changes in both
effective mobility and separation selectivity trendrhe effective mobilities of the
analytes at 5 mM spanned from 2.3 to 8.2° f/Vs. Metaproterenol, B30, the
strongest binding analyte among them exhibits #st beparation selectivity. In order to
investigate the effect of the attachment positioh the sulfate group on

enantiorecognition, the effective mobility and sgpian selectivity trends observed for
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homatropine, chlophedianol and metoprolol using HAlS the chiral resolving agent in
acidic aqueous BGEs, were compared to those olibarte HMAS and HMdiSu. The
binding strengths of the enantiomers of homatropiaee the strongest for HMdiSu and
decreased in the order HMdiSu > HAMS > HMAS. Thadmg strengths of the
enantiomers of chlophedianol were strongest for FABIhd decreased in the order
HAMS > HMdiSu > HMAS. The binding strength of metol for HAMS was
stronger compared to HMdiSu. While HMdiSu showebtbderity for all three weak
base analytes, there was no resolution for homiaoand metoprolol using HMAS
(homatropine) and HAMS (metoprolol) as chiral saex. It is worth noting that
although the position of attachment of the sulfgteup significantly influences the
enantiorecognition process, it is also dependenhemresence of the other substituents,
including the acetyl and methyl groups.

Using HAMS for the separation of nonionic analytéswas found that most
analytes exhibit one of three specific mobilitynils. The first group was called the
group of weakly binding nonionic analytes: theifeetive anionic mobilities remained
low, approaching -4.0x 10° cnf/Vs. The second group was called the group of
moderately strongly binding analytes: their effeetanionic mobilities increased to -
10.0x 10° cnf/Vs. The third group was called the group of stigriginding analytes:
their effective anionic mobilities increased beyerid.0x 10° cn/Vs.

The enantiomers of all fourteen nonionic analytested using HAMS were

separated under the experimental conditions usegeriental results show that
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separation selectivity depended on (i) the strectirthe analyte; and (ii) the polarity of
the substituents of tH&CD.

() The effect of analytes structure on enantiogegtion is very significant. For
example, the enantiomers of 2-phenylbutanol, 1-plhetanol and 2-phenyl-2-butanol
showed significantly different separation seletyiiiehaviors from each other. These
analytes have the same molecular formula but dferelnt isomers. 1-phenylpropanol,
1-phenylbutanol and 1-phenylpentanol, which forneedomologous series, showed
interesting separation selectivity patterns. Thmesgan be said for the enantiomers of
methylmandelate and ethylmandelate.

(i) The type and position of attachment of thdatiént substituents ds+CD led
to different enantiomer separations. HDMS offerteel hest separation selectivity values
for 1-phenyl-2-propanol compared to HDAS and HAM3n the other hand, HDAS
offered the best separation selectivity values Zghenyl-1-propanol compared with
HAMS and HDMS. The binding strengths for 1-phenyt®panol and 2-phenyl-1-
propanol decreased in the order HDAS > HAMS > HDMS.

For the six anionic strong electrolytes, no enasparation was observed with
HAMS over the concentration range studied. Thik lat separation may be due to
repulsion between the analytes and HAMS.

In conclusion, the first single-isomer, sulfa@ayclodextrin carrying the sulfo
group at the C2 position, the sodium salt of hdp{akO-sulfo-3-O-methyl-6-O-
acetyl)cyclomaltoheptaose (HAMS) has been prodwdddisomeric purity greater than

97% mol/mol. It has been successfully used as ralat@solving agent for the capillary
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electrophoretic separations of the enantiomers edknbase and nonionic analytes in
aqueous acidic BGEs. HAMS proved to be broadly wisehd in many cases, had
separation selectivity complimentary to that olbedirwith other single isomer sulfated

cyclodextrins.
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APPENDIX

SYNTHESISPROTOCOL FOR SINGLE-ISOMER HAMS
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Heptakis(2-O-benzyl-6-O-t-butyldimethylsilyl)cyclomaltoheptaose

1. Dry the pure, heptakis(@-t-butyldimethylsilyl)cyclomaltoheptaose (TBDM$-CD)

in a vacuum oven at 80°C to remove acetone, DMF adsbrbed water. Note: (i)
Complete dryness of the material is critical focsess of the reaction. (ii) Purity of the
starting material is essential for the purity ok thinal product. Oversilylated and
undersilylated CDs lead to the formation of bypraduthat cannot be removed in the
work-up of the final product.

2. In a well-ventilated hood, set up on a stir glah oven-dried 500 ml three-neck round
bottom flask, equipped with & Teflon-coated magnetic stir bar, a source of dsyabk

at one neck and, at another neck, an oil bubbldr ®/i of paraffin oil. Connect the oil
bubbler to the reaction flask through a valve adapith tabulation. Cap the third neck
with a ground glass stopper of appropriate sizéordughly purge the set-up with dry
No>.

3. Place a clean, dry, flexible Teflon adapter,ipo@ed with a female ground glass joint
at one end and a male ground joint at the oppaaneginto an oven at 105°C. While the
adapter is being heated, weigh 2.7 g of NaH as @@%ersion in oil into a 100 ml flask
specially adapted at the neck to have a male grglass joint. Next, cap the flask with a
sealed, female ground glass joint and quickly ealjoint with Parafilm. Note: Do not
use vacuum grease on any joint. Remove from thae ¢ive flexible adapter that has
been heating for no longer than 10 minutes. RentbgeParafilm seal from the flask,
equip it with the flexible adapter and cap. Negtnove the cap from the flexible adapter

and pour the hydride through the central neck efréaction flask using female to male
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ground glass joint adapters if necessary. Oncesfieais complete, remove the flexible
adapter from the reaction flask and quickly capghlibe transport vessel and the reaction
flask. Carefully quench the sodium hydride residuthe transport vessel with ethylene
glycol.

4. The oil that coats the sodium hydride must lmeoreed through a series of hexanes
rinses accomplished using an air-free techniquébRusepta should be wired down and
ground glass joints should be equipped with Keelkngls to secure them. Transfer 30 ml
of dried hexanes from its bottle into a septum-eabp00 ml graduated cyclinder. Next,
canulate this volume to the reaction flask usirgdalong, 12-gauge canula. Once the
hexanes transfer is complete, stir the oily sodhydride slurry for about 5 minutes,
then allow sodium hydride to settle. Once sodiundritie has settled, canulate the
hexanes to an open, 100 ml graduated cylinderrby dlosing off the oil bubbler. Once
the first step is complete, repeat the hexaneg tiwe more times. Care must be taken
not to remove any sodium hydride that may beconstudied during the hexanes
removal step. Measure 15 ml of dried THF and cdautanto the reaction flask.

5. In an oven-dried, 250 ml graduated addition &inwith a standard taper top outer
joint and lower inner joint, pressure equalizingnaand Teflon stopcock, transfer 60 ml
of dried THF into the addition funnel. Next, weighit 25 g of TBDMS$-3-CD and
transfer into the addition funnel using a polyprepe funnel. Dissolve the solid
TBDMS;-3-CD by swirling it in the addition funnel. Add 3 noff dried DMF to the

addition funnel followed by 1.8 g of TBAI. DMF helpwith the dissolution of TBAI.
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Next, pipette 11.5 ml of benzyl bromide into thediéion funnel. Flush the addition
funnel with dry N and attach it to center neck of the 500 ml readti@sk.

6. While vigorously stirring the sodium hydride/THkurry, add the solution from the
addition funnel at the rate of a thin but steadgan over a period of 5-10 min.
Hydrogen evolution will be observed at the oil blghbn less than 1-2 minutes. During
addition, monitor the rate of hydrogen evolutiondahe degree of foaming in the
reaction mixture. Foaming should not be so intehaethe entire surface of the reaction
mixture is thickly covered. 30 minutes after aduhtof the TBDMS[B-CD/TBAI/benzyl
bromide/THF/DMF solution, take an aliquot of theeton mixture using a long glass
pipette with a drawn-out tip. Add two drops of tleaction mixture to a 2 ml glass vial.
Fill the vial to the neck with HPLC grade metharfelter the clear solution through a
0.45um pore-size nylon membrane filter. Analyze the dany isocratic, non-aqueous
reversed-phase HPLC at room temperature using m#h@8.D, 250 mm HPLC column
packed with 5um Luna C18 RP stationary phase and a 55: 45 Me@HDAc mobile
phase at a flow rate of 2 ml/min.

7. Once conversion rate reaches about 90 %, queeateaction by slowly adding 5 ml
of anhydrous ethanol through a clean addition fuomer a period of 10 to 15 minutes.
Higher conversion rates lead to overbenzylatior, groducts of which are difficult to
remove during work-up. Continue stirring the questtiheaction mixture for another 30
minutes.

8. Filter the quenched reaction mixture to remdwe precipitated Nal. Rotavap the

filtrate. Once the crude product begins to preatpit continue to rotavap until no more
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solvent condenses into the collection vessel. Ad fhoint it is safe to increase the
temperature of the bath to 50°C to rotavap alhefdolvent away.

9. Add 20 ml of dichloromethane (1.25g/ml) to thede product. Dissolve the crude
material and place the flask on a stirrer plate.ilgvktirring, add 380ml of MeOH

(5%v/v) into the flask. A white precipitate begittsform after about 50% of the total
volume of MeOH required has been added. Continurengt for an additional 10

minutes after methanol addition is completed. Filtee precipitate. Analyze the
precipitate by isocratic RP-HPLC as in step 6. Tgpipurity level for the target is >

99.6%. If purity of the target is lower than exmetrepeat step 9.

Heptakis(2-O-benzyl-3-O-methyl-6-O-t-butyldimethylsilyl)cyclomaltoheptaose

1. Dry heptakis(29-benzyl-6O-t-butyldimethylsilyl)cyclomaltoheptaose (TBDMBn;-
B-CD) in a vacuum oven at 80°C to a constant weight.

2. In a well-ventilated hood, set up on a stir glah oven-dried 500 ml three-neck round
bottom flask, equipped with & Teflon-coated magnetic stir bar, a source of dsyabk

at one neck and, at another neck, an oil bubbldr ®/i of paraffin oil. Connect the oil
bubbler to the reaction flask through a valve adapith tabulation. Cap the third neck
with a ground glass stopper of appropriate sizetnDn the N flow to purge the 500 mi
flask.

3. The procedure for transferring NaH into the tieacflask and the removal of oil from

NaH is the same as described above for the systluésheptakis(23-benzyl-6O-t-
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butyldimethylsilyl)cyclomaltoheptaose. Lower theacgon flask into dry paraffin oil
before proceeding further.

4. Transfer 60 ml of dried THF into an oven dri@80 ml graduated addition funnel
having a standard taper top outer joint, lower mjpet, pressure equalizing arm and
Teflon stopcock. Next, weigh out 25 g of dry TBDNB®-3-CD and transfer into the
addition funnel using a polypropylene funnel. Diseadhe added TBDM®Bn;-3-CD by
swirling the addition funnel. Add 8.5 ml of driedethyl iodide to the addition funnel.
Flush the addition funnel with dry,Nand attach it to the center neck of the reaction
flask. Next, place the oil bubbler outlet onto &kig condenser and fit the condenser to
the reaction flask. Equip the Liebig condenser waittecirculating ice water bath. Make
certain that the oil bath has enough oil to exdéedheight of the reaction solvent by a
full 2".

5. While stirring the sodium hydride/THF slurrypslly begin to add the solution from
the addition funnel. Bubble formation will beginstantaneously. Monitor the rate of
hydrogen formation. About 5 minutes into the reagtiturn on the nitrogen flow for
about 3 minutes, then turn it off again.

6. Once addition is completed, in about 15 mir, ite reaction mixture for about 2
hours. Take an aliquot of the reaction mixture gsanlong glass pipette and add the
aliquot to a 2 ml glass vial. Add 1 ml of methatwthe vial and spot this solution onto a
silica TLC plate. Use 2.5 10 cm aluminum-backed silica plates and an 8 ixture of
hexanes : EtOAc as developing solvent. Once theesbfront migrated close to the top

of the plate, air dry the plate for 5 minutes ahdnt dip it into thex-naphtol staining
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solution. Visualize the spots by placing the stdif¢C plate into a 90°C oven for 10
minutes.

6. As soon as the TLC plate indicates that theti@ads complete, add 6 ml of
anhydrous ethanol to a clean addition funnel anginb& carefully drop it into the
reaction mixture to quench the reaction.

7. Filter the Nal precipitate out of the reactioixture. Transfer the filtrate into a round
bottom flask and rotavap the solvent to obtain ¢hede product. Digest the crude
product in 40 ml of dichloromethane and again ffilee accumulated Nal precipitate.
Rotavap dichloroemethane until no more solvent easds into the collection vessel.

8. Add 250 ml of ethanol to the crude product ie flask. Place the flask in a heating
mantle on a stirrer plate. Stir the mixture whilarming the flask. Once the crude
product is completely dissolved, turn off the hegtmantle. Do not allow ethanol to
boil. Slowly begin to add, dropwise, 50 ml of wate&nce water addition is complete,
stir the mixture for 5 minutes. Filter the gooeggpitate.

9. Analyze the precipitate by isocratic, non-aqeoeversed-phase HPLC at room
temperature by using a 4.6 mm 1.D., 250 mm long ERblumn packed with a gm
Luna C18 stationary phase, and a 55: 45 mixtutde®®H : EtOAc as the mobile phase,

at a flow rate of 2 ml/min. The typical purity ldvfer the target is > 99% mol/mol.

Heptakis(2-O-benzyl-3-O-methyl)cyclomaltoheptaose
1. Add 120 ml ethanol and 140 ml THF into a 600paillyethylene beaker. Add 50 g of

the pure heptakis(®@-benzyl-30O-methyl-6-O-t-butyldimethylsilyl)cyclomaltoheptaose
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to the solvent mixture. Let the cyclodextrin dis@lcompletely by stirring with "1
Teflon coated magnetic stir bar. Slowly add 70 m4&% aqueous HF solution. Cover
the beaker with aluminum foil and stir the solutfon 24 hours. Check completeness of
the desilylation reaction by TLC using 2610 cm Silica 60 plates and a 50 : 10 : 1
mixture of CHC} : MeOH : HO as developing solvent.

2. When the desilylation reaction is complete, takié ml aliquot and place it in a clean
polyethylene beaker. Prepare a quenching solutyatidsolving 60 g of NaOH pellets in
45 ml of deionized water. Cool the solution to rotemperature. Next, add, drop-wise,
the NaOH solution to 180 ml of ethanol. Place thaction flask into an ice bath and
allow it to cool for 30 minutes. Add a small amowftphenolphthalein indicator to the
cyclodextrin solution. Quench the reaction by slowldding the sodium hydroxide
solution to the reaction mixture to neutralize esscelF. Use the aliquot taken in Step 2
to ensure that the reaction mixture is titratedhe proper endpoint indicted by the
faintest detectable pink color.

3. Once the solution is completely neutralizéiterfthe NaF precipitate and wash the
filler cake with ethanol. Rotavap the filtrate toyiess. Redissolve the white solid in
dichloromethane and filter out the remaining NaF.

4. Add 50 ml acetone to a 250 ml round bottom flas# add the crude material. Add a
Teflon-coated stir bar, attach a reflux condenset eeflux the mixture for 10 min.
Transfer the flask into an ice bath and allow iteml. Filter the crystals and take'ta
NMR spectrum. Repeat Step 4 until theutyldimethyl silyl fluoride peaks are no

longer observed in th#d NMR spectrum.
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4. Analyze the precipitate by isocratic, agueousenrged-phase HPLC at room
temperature by using a 4.6 mm 1.D., 250 mm long ERblumn packed with a gm
Luna C18 stationary phase and a solvent mixtu@bob MeOH : HO as mobile phase

at a flow rate of 2 ml/min. Typical purity levelrfthe target is > 98%.

Heptakis(2-O-benzyl-3-O-methyl-6-O-acetyl)cyclomaltoheptaose

1. Dry the pure, heptakis@-benzyl-30O-methyl)cyclomaltoheptaose in a vacuum oven
at 80°C to constant weight.

2. Place a 500 ml, three-neck, round bottom flagk & 1" Teflon coated stir bar and a
stopper into an oven and dry overnight at 105°€ue¢he 500 ml three-neck flask on a
stir plate. Connect a Nine to one of the side necks on the flask. Cohaemndenser to
the central neck and an oil bubbler withdf paraffin oil to the remaining neck. Place
the flask into a paraffin oil bath on a stir platdush the system with dry JNfor
approximately 5 minutes. Replace thglide with a stopper.

3. Open the side neck and with minimum air expgsadel 100 ml of dry pyridine.
Weigh out 25 g of heptakis@-benzyl-30-methyl)cyclomaltoheptaose and transfer
into the flask via a short-stem plastic funnel. Begtirring the mixture with the stir bar.
Once the cyclodextrin has completely dissolved, 2@ldnl of acetic anhydride.

4. Regulate the temperature of the oil bath usiMa@ac so that the temperature of the
reaction mixture is between 50°C - 55°C. Contirtireirgy for 30 minutes.

5. Take an aliquot of the reaction mixture usirigray glass pipette with a drawn-out tip.

Add two drops of the reaction mixture to a 2 misglaial. Fill the vial to the neck with
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HPLC grade methanol. Filter the solution through4b pum pore-size nylon membrane
filter. Analyze the sample by isocratic, aqueousersed-phase HPLC at room
temperature by using a 4.6 mm 1.D., 250 mm long BRblumn packed with a gm
Luna C18 as stationary phase and a mixture of 8e®H : HO as mobile phase at a
flow rate of 2 ml/min.

6. Once the reaction is complete, replace the atih wvith a cork ring. While stirring,
open the side neck and add 25 ml of ethanol th#it cshsume the excess acetic
anhydride. Rotovap the reaction solvent and acatid by-products until no more
solvent distils over.

7. Redissolve the crude product in 450 dichlorome¢h Into a 5 L round bottom flask
add 3.5 L of hexanes and a Teflon-coated magsgtier. Place the flask in a cork-ring
on a stir plate. While stirring the hexanes solveidwly add the concentrated
cyclodextrin — dichloromethane solution. Upon coatgladdition, allow the mixture to
stand for 10 minutes and filter the precipitate.

8. Check the purity of the product by isocraticueaus reversed-phase HPLC, at room
temperature, by using a 4.6 mm 1.D., 250 mm lond.EilRolumn packed with a gm
Luna C18 RP stationary phase, and a 95: 5 mixtravi@OH : H,O as the mobile

phase, at a flow rate of 2 ml/min. Typical purigyél for the target is > 99%.

Heptakis(3-O-methyl-6-O-acetyl)cyclomaltoheptaose
1. Dry the pure heptakis@-benzyl-30O-methyl-6-O-acetyl)cyclomaltoheptaose in a

vacuum oven at 60°C to constant weight.
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2. Place a 250 ml, three-neck, round bottom flagk & 1' Teflon coated stir bar and a
stopper into an oven and dry overnight at 110°Cue¢he 250 ml three-neck flask on a
stir plate. Connect aNine to one of the side necks on the flask anahather neck, an
oil bubbler with 1 of paraffin oil. Cap the third neck with a grougthss stopper of
appropriate size. Flush the system with dgyfdd approximately 5 minutes. Replace the
N> line with a stopper.

3. Obtain a 10 ml syringe and a needle. Disposelingger and cut the finger flanges of
the hollow barrel. Insert the cut end of the hollbarrel into a balloon and secure the
balloon unto the barrel over Teflon tape. Nextemshe needle into a septum. Fill the
balloon with hydrogen and as quickly as possibtehe female luer-lock connector of
the needle to the male luer-lock tip of the holloarrel.

4. Add 50 ml of anhydrous MeOH and 50 ml of anhydralioxane into the reaction
flask. With minimum exposure, transfer 20 g of laqe(2:0-benzyl-3O-methyl-6-O-
acetyl)cyclomaltoheptaose into the flask using @tsstem plastic funnel. While stirring
to dissolve the cyclodextrin, flush the system vithfor 5 minutes. Weigh out 7 g of 10
% Pd on activated charcoal and quickly transfertd the reaction flask. Disconnect the
N> line and insert the needle at the end of the hyeheilled balloon into the septum.
Allow the hydrogen to flush the system for 5 mimjtthen disconnect the oil bubbler
line. Note: Efficiency of this reaction is highlgpendent on the quality of the catalyst.
5. With a 1 ml syringe and a needle, draw out 0.8fithe reaction mixture. Release the
0.3 ml reaction mixture into a 2 ml glass vial.l Hile vial to the neck with ACN. Next,

filter the solution through a 0.4Em pore-size nylon membrane filter. Analyze the
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sample by reversed-phase HPLC using a 4.6 mm 280, mm long HPLC column
packed with a fum Luna C18 RP stationary phase, and gradient elatia flow rate of

1 ml/min. The initial mobile phase compostion is:8D HO : ACN that changes to 2 :
98 H,O : ACN in 15 minutes, at 40°C. The reaction tiséetween 22 — 24 hours.

6. Upon completion of the reaction, filter the ¢gghand remove the reaction solvent
under reduced pressure.

7. Redissolve the crude product in 200 ml dichleetmane. Into a 3 L round bottom
flask add 1.5 L of hexanes and a Teflon-coated miagstirrer. Place the flask in a
cork-ring on a stir plate. While stirring the herarsolvent, slowly add (dropwise) the
concentrated cyclodextrin—containing dichloromethaolution. Upon complete
addition, allow the mixture to stand for 10 minuéel filter the precipitate.

8. Analyse the precipitate by the HPLC method dbsdrin step 5. Typical purity level

for the target is > 98%.

Heptakis(2-O-sulfo-3-O-methyl-6-O-acetyl)cyclomaltoheptaose

1. Place heptakis(@-methyl-6-O-acetyl)cyclomaltoheptaose in a crystallizing déstd
dry it in a vacuum oven at 60°C to constant weight.

2. Place a 250 ml, three-neck, round bottom flagk & I' Teflon-coated stir bar and a
stopper into an oven and dry overnight at 110°Cue¢he 250 ml three-neck flask on a
stir plate. Connect a Nine to one of the side necks on the flask. Cohaemndenser to

the central neck and to remaining neck, an oil kerblith 1’ of paraffin oil. Place the
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flask into a paraffin oil bath on a stir plate. $tuthe system with dry Nfor
approximately 5 minutes. Replace thelide with a stopper.

3. Open the side neck and with minimum air expqgsand 50 ml of dry pyridine and 35
ml of DMF to the flask. Close the system with thpper. Weigh out 10 g of
heptakis(30-methyl-6-O-acetyl)cyclomaltoheptaose and transfer it into fthek via a
short-stem plastic funnel. Begin stirring with tki& bar. Continue stirring until a clear
solution is obtained. Quickly weigh out 16 g of 83 and immediately transfer into
the flask via a plastic funnel. Replace the stopper

4. Regulate the temperature of the oil bath usiMa@ac so that the temperature of the
reaction mixture is around 40°C. Continue stirfimg2 hours.

5. Monitor the progress of the reaction by HPLCngsa 4.6 mm 1.D., 150 mm long
column packed with af8n Luna HILIC stationary phase. Use gradient eluabm@ flow
rate of 1 ml/min. The initial mobile phase compiasitis 100% A that changes to 50% A
: 50% B in 30 min ( A: 5 mM HCOONHn 95% ACN, B: 5mM HCOONHlin H,O) at
room temperature.

6. Once the reaction is complete, prepare a shff38 g NaHCQ in 30 ml water. Place
the reaction flask in an ice bath on a stir platd begin vigorous stirring. Slowly add
the slurry in portions, waiting until there is nama bubble formation (C£ between
additions. Be careful not to lose solution becanisexcessive foaming. After half the
slurry has been added, begin checking the pH poidhe addition of each subsequent
portion. Stop the addition of the slurry when thrgpsof the pH paper turns green. Filter

off the solids.
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7. Transfer the filtrate to a 1L round bottom flaskh a 1' Teflon-coated stir bar and

rotavap the solution to dryness in a high vacuutavap at 50°C.

8. Dissolve the solids in 100 ml MeOH. Into a 1dumd bottom flask add 725 ml of
diethyl ether and a Teflon-coated magnetic stifPégice the flask in a cork-ring on a stir
plate. While stirring the diethyl ether solventwly add the concentrated cyclodextrin -
MeOH solution. A precipitate will form. Filter andbtain the precipitate. Check its
purity by HPLC (Step 5). Check the removal of DM§ i1 NMR. If needed, repeat

Step 8.
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